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Across the Midwestern United States, an increasing number of agricultural 
producers are recognizing the importance of a healthy soil to profitable, sustainable 
cropping systems. In contrast to conventional tillage, no-tillage management has been 
shown to increase soil organic matter and build soil structure over time. Cover crops have 
shown promise as favorable additions to no-tillage systems. The use of cover crops can 
benefit soil health by enhancing soil organic matter, scavenging nutrients, building soil 
structure, and reducing the potential for soil erosion. Common concerns regarding the use 
of cover crops include N immobilization, prohibitive establishment costs, and lack of 
knowledge on proper management. The Conservation Cropping Systems for Soil Health 
and Productivity (CCSSHP) Project was initiated in the fall of 2012 and ended in the fall 
of 2015. This project sought to quantify the impacts of cover crops and no-tillage on the 
biological, chemical, and physical properties of soil health in Indiana. Seven field sites 
were established across Indiana, representing a range of soil types and topography. Three 
of the sites were based in Purdue University Agricultural Center Research Farms, and the 
remaining four were fields of farmer cooperators. Established in no-tillage corn-soybean 
(Zea mays L. – Glycine max L. Merr.) rotations, a variety of cover crop treatments were  
xviii 
 
compared with no cover controls, as well as a conventional tillage to no-tillage 
comparison at one location. Measurements included cover crop above-ground biomass 
and biomass N, soil nitrate-N and ammonium-N, soil aggregate stability, soil penetration 
resistance, soil water retention, soil bulk density, soil moisture, soil temperature, and 
several cash crop parameters including yield. This thesis reports on the third year of data 
from the project. Given late cover crop planting in fall 2014, no differences in fall 
biomass production were observed among treatments. Cover crop biomass and N 
dynamics in spring varied by location. Biomass amounts tended to inversely correlate to 
spring soil nitrate-N concentrations. Soil physical parameters tended to vary by depth but 
not by treatment, with nearly all differences occurring in the single tillage comparison as 
opposed to comparisons of cover treatment. Cash crop performance was not affected by 
cover crops in 2015. Cover crop effects on soil moisture and soil temperature throughout 
the season were not consistent among sites. Results indicate longer-term research could 
lead to significant cover crop treatment effects on physical parameters associated with 
soil structure and texture. 
1 
 
CHAPTER 1. INTRODUCTION 
Across the Corn Belt Region of the United States, soil health has become an 
increasingly important factor in agricultural production.  Supporting healthy, productive, 
and profitable crops in agricultural systems, a healthy soil also contributes to the 
environment by maintaining or improving air and water quality (Doran et al., 1996; 
Doran et al., 1998).  Conventional management practices, such as tillage and 
monocropping, deplete the soil of nutrients, structure, and microbial presence.  Farmers 
across the Midwestern United States have increased their adoption of conservation 
cropping systems in an attempt to protect from soil losses and to save on fertilizer inputs.  
No-tillage management and the use of cover crops are two conservation methods 
currently gaining popularity for their ability to achieve these goals.   
By cutting through crop residues without tilling them into the soil, no-tillage 
leaves the bulk of residues atop the soil surface and keeps rooting systems intact (Lal et 
al., 2007), enhancing soil organic matter and allowing for soil structure to build over time 
(Langdale et al., 1992; Six et al., 1999; Wright et al., 1999; Rhoton, 2000; Grandy et al., 
2006).  Furthermore, no-tillage results in less soil disturbance, reducing soil erosion and 
nutrient losses and increasing soil biological activity relative to conventional tillage 
practices (Angle et al., 1993; Edwards and Shipitalo, 1998; Six et al., 1999; Wright et al., 
1999; Kladivko et al., 2001; Al-Kaisi and Licht, 2004; Grandy et al., 2006).  Cover crops 
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are grown during typically fallow periods in cropping systems, not to be harvested for 
profit but to be grown with the express purpose of building soil health.  Cover crops 
scavenge nutrients during active growth, reducing leaching potential, and release 
nutrients upon their decomposition.  The biomass produced by a cover crop, both above- 
and below-ground, protects against erosion and contributes to soil structure by providing 
organic matter inputs (Langdale et al., 1982; Kessavalou and Walters, 1997;Dabney, 
1998; Sarrantonio, 2007).  The rooting systems of cover crops further aid in enhancing 
soil structure by physically enmeshing soil and promoting microbial activity to build soil 
aggregates, by breaking up compaction, and by providing soil channels rich in organic 
matter following root decomposition (McVay et al., 1989; Materechera et al., 1992; 
Sainju et al., 2003; Williams and Weil, 2004; Villamil et al., 2006). 
Several challenges currently exist in no-tillage systems that pose limitations to 
their adoption.  Proper no-tillage practices require costly specialized equipment.  In 
addition to cost, as soil is not mixed under no-tillage, compaction of surface and 
subsurface soils sometimes occurs and can impede root growth of cash crops.  This can 
impact cash crop development and, if compaction is severe, yield (Martinez et al., 2008; 
Busari et al., 2015).  Furthermore, spring soil temperatures tend to be lower under no-
tillage as compared to conventional tillage and could delay cash crop emergence and 
development, also affecting yield in severe cases (Karlen 1990; Halvorson et al., 2006). 
Cover crops pose challenges of their own.  Cover crop residues with high C:N 
ratios can immobilize N, sometimes impacting soil N available to cash crops and 
subsequently affecting cash crop yields (Karlen and Doran, 1991; Villamil et al., 2006).  
In the Midwest, overwintering cover crops can sometimes induce water stress in the 
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spring on succeeding cash crops, as they take up water in the spring during active growth 
following winter dormancy.  Concerns regarding cash crop yield reductions and cover 
crop allelopathic effects have both been raised regarding cover crops, although research 
on these topics has produced mixed results (Raimbault et al., 1990; Kesavolou and 
Walters, 1997; Bauer and Reeves, 1999; Dhima et al., 2006).  These challenges are not 
the only factors limiting the adoption of cover crops.  Some of the concerns listed above 
can be alleviated with careful attention to cover crop management and termination.  
However, farmers sometimes lack information necessary to make proper cover crop 
management decisions, and others view the practice as prohibitively expensive, requiring 
too great of a time commitment, and lacking immediate benefits to offset these costs. 
In an effort to increase knowledge and acceptance of conservation agricultural 
practices, the Conservation Cropping Systems for Soil Health and Productivity 
(CCSSHP) Project was initiated in the fall of 2012.  The project was conducted for three 
years, ending with cash crop harvest in 2015.  This project sought to quantify the impacts 
of cover crops and no-tillage on the biological, chemical, and physical properties of soil 
health in cropping systems across Indiana.  This research was intended to increase the 
profitability and productivity of the sustainable cropping systems in Indiana.  Research 
locations were also used to educate producers and agricultural professionals in an effort 
to encourage the adoption of conservation practices including no-tillage and cover crops.  
Seventeen sites were established across Indiana, representing the range of soil types and 
topography present throughout the state.  The research conducted for this thesis focuses 
on seven of the seventeen sites and covers the third year of the CCSSHP Project, from the 
fall of 2014 through the fall of 2015. 
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The following hypotheses have been generated for this study: 
i) cover crops will impact soil N dynamics by scavenging soil N during active growth and 
releasing N sometime following termination, 
ii) overwintering cover crops, such as cereal rye (Secale cereale L.) and annual ryegrass 
(Lolium multiflorum L.), will produce greater above-ground biomass and thus reduce soil 
N in spring to a greater extent than no cover treatments or cover crops that winter-kill, 
iii) cover crops will improve soil structure, evident through higher soil aggregate 
stability, lower soil penetration resistance, higher soil water retention capabilities, lower 
soil bulk density and higher total porosity, and higher soil available water in cover crop 
treatments as compared to no cover treatments, 
iiii) no-tillage treatments will have improved soil structure, indicated by a higher soil 
aggregate stability, higher water retention capabilities, lower soil bulk density and higher 
total porosity, and higher soil available water, than a conventionally-tilled treatment, 
iv) cover crop treatments will impact soil moisture and temperature in fall and spring 
relative to no cover treatments, and 
v) cover crops will not impede cash crop productivity, as indicated by similar cash crop 
populations and yield between corn and soybean planted into cover crops and corn and 
soybean planted into no cover treatments. 
The objectives of this study include the following: 
i) to measure cover crop parameters including the above-ground biomass and biomass N 
present in fall 2014 and spring 2015, 
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ii) to measure the soil N dynamics, including soil nitrate-N and ammonium-N, as affected 
by cover crop treatments, in fall 2014, spring 2015, and prior to sidedress N application 
in 2015, 
iii) to measure soil physical parameters, including aggregate stability, penetration 
resistance, water retention, bulk density, total porosity, moisture, and temperature, as 
affected by cover crops from fall 2014 through summer 2015, and 
iv) to measure cash crop performance, including cash crop populations, corn tissue 
chlorophyll content, corn stalk nitrate-N concentrations, and cash crop yield, as affected 
by cover crops in 2015. 
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CHAPTER 2.  LITERATURE REVIEW 
2.1 Soil Health 
 The concept of soil health has gained recognition and popularity in the past 
twenty years.  Soil health is loosely defined as a soil’s ability to function in a way that 
supports productive and healthy plants and animals while maintaining or improving water 
and air quality (Doran et al., 1996; Doran et al., 1998).  The soil health concept views soil 
as a living entity (Doran et al., 1996; Doran and Zeiss, 2000).   In recent decades, 
researchers, conservationists, and producers have gained a greater understanding of both 
the influence of crop production and land management upon soil health and the 
importance of soil health in determining the sustainability and environmental impact of 
cropping systems (Doran and Zeiss, 2000; Doran, 2002).  The terms soil health and soil 
quality are sometimes used interchangeably, but for the purposes of this thesis, soil health 
will be used.   
2.2 Properties of a Healthy Soil 
 The following characteristics define a healthy soil: suitable tilth and depth, an 
adequate and accessible nutrient supply, low weed, pest, and pathogen pressures, good 
soil drainage, presence of beneficial soil organisms, lack of crop-harming toxins, and 
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resilience (Gugino et al., 2009).  These characteristics are achieved in part through the 
chemical, physical, and biological properties defining a healthy soil.      
2.2.1 Physical Properties of Soil Health 
 As stated above, healthy soils possess good soil tilth, which means a physical 
condition promoting crop germination, emergence, and rooting, as indicated by water 
infiltration rate, aeration, water retention capabilities, and resistance to soil erosion 
(Karlen et al., 1990; Kladivko, 2002).  Such a condition requires a well-structured soil.  
Soil aggregates comprise the foundation of soil structure.  Microaggregates, less than 250 
micrometers in diameter, are clustered organic matter, sand, silt, and clay which come 
together to form macroaggregates through a complex process involving a number of 
organisms, organic binding agents, and abiotic forces (Tisdall and Oades, 1982).  
Microaggregates can be bound to the extracellular polysaccharides surrounding plant 
roots.  Soil organic matter is important to soil structure and consists of living, active, and 
stable fractions (Gugino et al., 2009).   The living fraction is made up of all living soil 
microorganisms, insects, fauna, and flora (Gugino et al., 2009).  The active fraction 
contains easily decomposed simple sugars, proteins, and cellulose from newly added 
residues and dead microorganisms; upon their digestion by soil microorganisms, these 
active fraction proteins release N, P, K, and other nutrients into the soil system 
(Sarrantonio, 2007; Gugino et al., 2009).  The stable fraction does not contribute to 
degradation but can hold nutrients and water (Gugino et al., 2009).  The organic matter 
found within a soil aggregate helps protect it both physically and chemically from being 
broken down (Cambardella, 2002).  Aggregation is a dynamic process; therefore efforts 
can be made to build more highly structured soils and improve soil health (Karlen et al., 
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1990).  A healthy soil is also one functioning without the limiting effects of compaction.  
Soil compaction is often measured by soil bulk density, porosity, resistance to 
penetration, and soil water infiltration.  By analyzing these properties, researchers are 
able to understand how compaction impacts a soil’s ability to resist root penetration, and 
to hold and move water and air (Panayiotopoulos et al., 1994; Hamza and Anderson, 
2005). 
2.2.2 Chemical Properties of Soil Health 
 Soil health depends in part upon the nutrient status of the system.  A balanced 
nutrient cycling must occur, providing enough nutrients to support crop growth but not in 
excess to the extent that nutrient leaching, runoff, or plant toxicity occurs (Gugino et al., 
2009).  Nitrogen is a nutrient of prime concern, given that sufficient available nitrogen is 
key for plant growth, while nitrate-N leaching and runoff can create environmental issues 
involving water and air quality.   
2.2.3 Biological Properties of Soil Health 
A healthy soil is considered to have a highly active and balanced biotic and 
microbial presence.  It is estimated that bacteria, fungi, earthworms, and other organisms 
which comprise the living portion of soil organic matter total a weight between 2,200 and 
33,600 kg ha-1 for any given soil system (Brady and Weil, 1996).  Microbes decompose 
plant residues into humus.  Mycorrhizae form symbiotic associations with plant roots.  
Earthworm-derived mucilages, bacterial mucigel, and fungal hyphae all contribute to the 
binding of soil particles into aggregates, important for reasons stated above (Kladivko, 
2002; Hobbs, 2007).  Glomalin, a protein produced by mycorrhizae, is thought to be 
among the most important binders of soil aggregates (Sarrantonio, 2007).  Earthworms 
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further impact soil physical properties, which will be discussed later in relation to no-
tillage practices.  Plant-available nitrogen in the soil receives a contribution from 
nitrogen-fixing bacteria, while other microorganisms mineralize organic N.  Microbial 
competition contributes to a stable, diverse microbiological population (Hobbs, 2007).  If 
a soil’s chemical and physical properties are altered, this can directly influence the soil 
microbiology, which is often highly sensitive to changes in the soil environment 
(Kennedy and Papendick, 1995).  These changes often accompany traditional crop 
management practices, namely soil tillage.   
2.3 Soil Health under Conventional Cropping Systems 
Over generations, conventional practices involving the combination of tillage and 
seasonal monocropping have depleted the soil and its quality through processes including 
wind and water erosion and loss of soil organic matter (Papendick and Parr, 1992; Doran 
and Zeiss, 2000; Montgomery, 2007).  A more in-depth review of the physical, chemical, 
and biological properties of soils under conventional management reveals the extent to 
which tillage impacts soil health.  
2.3.1 Soil Physical Properties under Conventional Tillage 
 Runoff and soil erosion potential increase dramatically during certain times of the 
year in conventionally-tilled systems, leading to potential loss of soil and soil organic 
matter over the seasons.  In fall and winter in the Midwest Corn Belt region, when 
precipitation exceeds evapotranspiration, little to no difference in runoff amount is 
expected between conventional tillage and no-tillage (Duiker, 2011).  However, in spring 
and summer, conventional tillage systems often experience greater run-off than no-tillage 
systems (Duiker, 2011).  Increased spring and summer run-off tends to occur under 
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conventional tillage due to surface crusting or sealing following heavy spring and 
summer rains (Duiker, 2011).   
 Conventional tillage has also been shown to contribute to both the compaction of 
soils and the destruction of soil aggregates (Panayiotopoulos et al., 1994; Wiermann et 
al., 2000; Hamza and Anderson, 2005).  On a silt loam soil in Germany, Wiermann et al. 
(2000) found that conventional tillage plots exhibited a strong increase in bulk density 
down to 30 cm into the profile, accompanied by a decrease in macroporosity.  The 
researchers also discovered aggregates which may have formed during the growing 
season were repeatedly destroyed under conventionally tilled plots, producing weak 
aggregates throughout the tilled layers atop a dense plow pan (Wiermann et al., 2000).   
 Soil organic matter losses under conventional tillage can be substantial, and they 
can occur in a relatively short amount of time.  The act of tilling rapidly increases the rate 
of organic matter decomposition in two ways: first, by breaking up crop residues, leaving 
smaller, more readily decomposed fragments; and second, by exposing greater soil 
surface area to oxygen and warmer, dryer conditions, all leading to a loss of organic 
matter in conventionally-tilled systems (Sarrantonio, 2007).  One factor contributing 
appreciably to the decomposition of soil organic matter in tilled systems is the activity of 
microorganisms, which advantageously decompose incorporated residues (Tisdall and 
Oades, 1982; Holland and Coleman, 1987; Six et al., 1999).  Research in Georgia by 
Bruce et al. (1995) found that over 2 Mg ha-1 of soil organic matter was lost within one 





2.3.2 Soil Biological Properties under Conventional Tillage 
 Although the impact of tillage upon organisms varies widely based upon species 
characteristics, most species tend to be inhibited to some extent by tillage (Kladivko, 
2001).  In a compilation of 106 studies preceding 1995, Wardle (1995) examined the 
effects of tillage on soil organisms.  According to Wardle (1995), as summarized by 
Kladivko (2001), most of these studies found lower bacterial and fungal biomass, fewer 
beetles and spiders, and in most cases lower earthworm populations in conventionally-
tilled soil as compared to soil under no-tillage.  Responses of microfauna such as 
bacteria, nematodes, and fungi, are varied and tend to be related to how tillage impacts 
soil pore sizes and water films used by microfauna to move (Wardle, 1995).  Populations 
of mesofauna, such as springtails and mites, tend to decrease with tillage, as these 
organisms are killed during the act of tillage or become trapped in soil clods (Wardle, 
1995).  Long-term aspects of tillage, including the rapid decomposition of soil organic 
matter and reduced soil moisture, further contribute to population responses of mesofauna 
(Wardle, 1995).  Due to the disruptive nature of conventional tillage upon the physical 
condition of the soil including moisture, temperature, and the residue associated with that 
soil, larger soil organisms are typically more greatly impacted by tillage than are smaller 
organisms (Kladivko, 2001).   
2.3.3 Soil Chemical Properties under Conventional Tillage 
 The physical disruption or destruction of soil aggregates through tillage can 
increase CO2 evolution, which can impact the soil carbon dioxide—oxygen balance 
(Kladivko, 2002).  Furthermore, nutrients and water must be available to plant roots in 
order for plants to utilize them.  Compacted soil reduces root growth and penetration, 
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diminishing both crop growth and yields, by limiting the ability of roots to reach valuable 
resources beneath a compacted layer (Unger and Kaspar, 1994). 
Nitrogen can be lost through denitrification, runoff, and leaching in cropping 
systems.  If excessive spring rainfall occurs in a system, particularly in areas of 
compaction, soil aeration is greatly reduced and there is potential for denitrification 
losses (Doran et al., 1989).  Runoff and leaching of nitrate-N under cropping systems can 
lead to environmental concerns, particularly considering the increased availability and 
use of commercial N in recent decades (Dinnes et al., 2001).  Agricultural production 
contributes most to nonpoint source water pollution in the United States, with nitrate-N 
being the major contaminant (National Research Council, 1993).  Kanwar et al. (1997), 
found that plots under moldboard tillage resulted in an average nitrate-N concentrations 
of 38 mg L-1 in drainage water, as compared to an average nitrate-N concentration of 23 
mg L-1 from no-tillage plots, both planted in continuous corn.  Nitrogen losses vary due 
to total amount of water drainage as well as nitrate-N concentration. 
2.4 Conservation Cropping Systems 
Conservation cropping systems are being encouraged throughout the Corn Belt 
region, in order to improve soil health and productivity as well as water quality.  
Conservation cropping systems incorporate a range of conservation practices, including 
crop rotation, reduced tillage, pest and nutrient management involving fewer inputs, and 
cover crops, among other practices.  A continuous, or nearly-continuous, functional soil 
cover is key to conservation cropping, and no-tillage is the preferred management 
practice, given that, as earlier discussed, tillage disturbs this functional soil cover (FAO, 
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2006).   For the purposes of this thesis, the conservation practices of crop rotations, no-
tillage, and cover crops will further be discussed. 
2.5 Crop Rotations 
Across the Midwestern United States, corn-soybean crop rotations have allowed 
for numerous beneficial impacts including reduction of disease, weed, and insect 
pressures.  The reduction of weeds and diseases, paired with enhancement of soil N, tend 
to lead to yield increases in rotated corn and soybean crops (Roth, 1996). When the 
tillage systems studied by Kanwar et al. (1997), mentioned earlier, were viewed in a 
corn-soybean rotation, the average nitrate-N concentration in drainage water coming 
from the moldboard tillage treatment decreased to 20 mg L-1, and the average nitrate-N 
concentration in drainage water from the no-tillage plot treatment decreased to 15 mg L-1 
(Kanwar et al., 1997).   
Corn-soybean rotations have provided higher yield levels for both corn and 
soybean when compared to continuous monocropping alone in systems across the Corn 
Belt (Voss and Shrader, 1988).  In the Northern Corn Belt, Lauer et al (1997) studied the 
effects of rotating corn with soybean in the following ways: the rotation effect on corn 
yield on corn in an annual soybean/corn rotation, the rotation effect on corn yield on first-
year corn following five years of continuous soybean, the rotation effect on soybean yield 
on soybean in an annual corn/soybean rotation, and the rotation effect on first year-
soybean following five years of consecutive corn.  When placed into corn-soybean 
rotation, first-year corn yields increased by 15% and annual rotation corn yields by 13% 
in comparison to continuous corn; first-year soybean yields increased by 18% relative to 
continuous soybean, and annual rotation soybean increased by 10% (Lauer et al., 1997).   
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Lauer et al. (1997) also found that following five years of continuous soybean, 
yield loss did not occur after the first five years upon moving to a corn/soybean rotation; 
however, following five years of continuous corn, soybean yields showed a decrease for 
many (>5) years after moving into the corn/soybean rotation (Lauer et al., 1997).  Corn-
soybean rotations have greater potential for soil losses through erosion than continuous 
corn systems; soil erosion losses tend to be greater in corn-soybean rotations than in 
systems managed under continuous corn given the quick residue decomposition rate of 
soybean, leaving soil more exposed post-harvest (Laflen and Moldenhauer, 1979; Alberts 
et al. 1985; McCracken et al., 1985; Miller et al., 1988).  No-tillage practices and cover 
crops offer management solutions to enhance rotational corn-soybean systems of the 
Midwest.   
2.6 No-Tillage Management 
 No-tillage practices have been credited with improving soil organic matter 
content, maintaining residues and reducing soil erodibility of cropping systems (Havlin et 
al., 1990; Langdale, et al., 1992; Lal et al., 2007).  In 2004, no-tillage was used on 23% 
of planted acres in the United States (CTIC, 2004).  No-tillage management offers some 
potential for building the physical, chemical, and biological properties necessary for 
healthy soil.  
2.6.1 Soil Physical Properties under No-Tillage 
In the U.S. alone, no-tillage practices have eliminated over one-third of erosion 
from cropland in a fifteen year time period (Claassen, 2012).  No-tillage seeders cut 
through crop residue and sow seed into a furrow, which involves little disturbance of 
surface cover (Lal et al., 2007).  Bradford and Huang (1994) studied the impact of tillage 
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and residue cover on silt loam soils of Illinois and found essentially no runoff or soil loss, 
a value of 0.01 kg m-2 h-1, under no-tillage plots.  When this residue was removed and the 
soil structure disturbed by tillage, soil erosion increased to 0.59 kg m-2 h-1 (Bradford and 
Huang, 1994).   
No-tillage practices and the residue cover associated with them have been shown 
to enhance soil organic matter and, consequently, aggregate stability, soil fertility, and 
water infiltration (Langdale et al., 1992; Six et al., 1999; Wright et al., 1999; Rhoton, 
2000; Grandy et al., 2006).  In Mississippi, Rhoton (2000) studied the length of time 
required to recognize differences in soil properties under newly implemented no-tillage 
and conventionally-tilled plots set upon a silt loam soil previously in pasture.  Rhoton 
(2000) found that the no-tillage plots averaged around twice the soil organic matter in 
surface soil as compared to conventionally-tilled plots at the conclusion of the eight-year 
study.  Aggregate stability increased significantly in soil under no-tillage within the first 
four years of treatment establishment compared to conventional tillage plots (Rhoton, 
2000).  Rhoton (2000) concluded that fertility and erodibility of soil could be improved in 
as few as four years following implementation of no-tillage practices.  In Michigan, at 
twelve years following the establishment of no-tillage practices in a corn-soybean-wheat 
(Triticum aestivum L.) rotation, Grandy et al. (2006) found that soil aggregate mean 
weight diameter (MWD) increased by 55% under no-tillage as compared to conventional 
tillage.       
 In a 1995 tillage study across the central United States, Six et al. (1999) found 
that fine particulate organic matter, less than 250 micrometers, was present at two to three 
times higher concentrations under no-tillage conditions than under conventional tillage 
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treatments.  This data supports the hypothesis of Six et al. (1998) that aggregate turnover 
occurs more quickly and results in lower fine particulate soil organic matter under 
conventional tillage than under no-tillage.  Particulate soil organic matter is important to 
soil health, as it is a prime site for microbial activity and is often incorporated into 
macroaggregates (Six et al., 1999).  Wright et al. (1999) found that aggregate stability 
and water infiltration improved over three years of no-tillage relative to a plowed 
comparison.  In fact, water infiltration in no-tillage intrarows was twice that of 
corresponding tilled intrarows (Wright et al., 1999). 
 No-tillage conditions promote the conservation of soil moisture by their retention 
of surface residues (Blevins et al., 1971; Lal, 1976; Williams and Weil, 2004).  In 
Nigeria, Lal (1976) discovered that no-tillage management led to a significant increase in 
soil water retention as compared to plowed plots.  No-tillage plots also displayed 
significantly higher soil moisture than the tilled plots, especially in the top 10 cm of the 
profile (Lal, 1976).  In a drought-stress period, plants in tilled plots exhibited greater 
signs of stress than plants in no-tillage plots (Lal, 1976).   
As discussed above, soil water infiltration is often greatly enhanced through no-
tillage practices (Wright et al., 1999).  Lal (1976) also found that infiltration was greatly 
increased under no-tillage as compared to tilled plots, with mean infiltration rates of 0.91 
cm min-1 and 0.30 cm min-1, respectively.  Blevins et al. (1971) found that no-tillage 
treatments induced higher soil volumetric water content down to 45 cm over a 
conventionally-tilled comparison.  The increased water retention abilities and decreased 
evaporation in soil under no-tillage contribute to the increased soil water observed under 
no-tillage as compared to tilled soils (Blevins, 1971).   
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2.6.2 Soil Chemical Properties under No-tillage 
 As discussed earlier, nitrate-N leaching is of major concern in conventional 
cropping systems.  Grandy et al. (2006) determined that a no-tillage treatment 
significantly reduced soil nitrate-N concentrations by between 28% and 80% when 
compared to the tillage treatment depending upon year in their study of tillage impacts on 
a corn-soybean-rotation.  On Nicollet loam (Aquic Hapludolls) and Webster silty clay 
loam (Typic Haplaquolls) soil in Iowa, Al-Kaisi and Licht (2004) found that no-tillage 
plots exhibited the lowest residual soil nitrate-N accumulation at all depths measured 
compared to strip tillage and chisel plow comparisons after two years of management on 
samples taken following fall harvest.  On a Manor loam (Typic Dystrochrept) in 
Maryland, Angle et al. (1993) found that soil nitrate-N was consistently lower in corn 
plots under no-tillage management as compared to conventionally-tilled plots among 
samples taken in late May of each study year.  The no-tillage plots resulted in an average 
nitrate-N concentration of 11 mg nitrate-N kg-1, and conventional plots yielded an 
average nitrate-N concentration of 14 mg nitrate-N kg-1 (Angle et al., 1993).   
 However, denitrification sometimes tends to be increased under no-tillage, due to 
less oxidative conditions, resulting from increased soil water retention and increased bulk 
density often present in these systems (Doran, 1980; Rice and Smith, 1982).  Variable 
effects of no-tillage on soil nitrous oxide emissions have been reported (MacKenzie et al., 
1997; Ball et al., 1999; Robertson et al., 2000; Baggs et al., 2003; Elmi et al., 2003; 
Chatskikh and Olesen, 2007; Rochette, 2008; Gregorich et al., 2008).  Palma et al. (1997) 
found denitrification losses in no-tillage treatments to be around double those under 
conventional tillage.  Doran (1980) found that denitrifying and anaerobic bacteria were 
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present in no-tillage soils at almost twice the population of conventionally-tilled soils.  
Palma et al. (1997) similarly found denitrifying microorganisms occurring in 
significantly higher populations under no-tillage as compared to conventional tillage.  In 
contrast, however, as cited by Palma et al. (1997), Staley and Fairchild (1978) found that 
denitrifier populations did not vary between tilled and no-tillage plots.  Variability in the 
denitrification occurring within no-tillage suggests that residue hot-spots of denitrifying 
ability may occur in some systems, and that different cropping systems, locations, and 
soils may have inherently differing denitrification potential with respect to no-tillage 
management (Palma et al., 1997; Grandy et al., 2006).   
2.6.3 Soil Biological Properties under No-tillage 
No-tillage systems promote earthworm populations by providing longer-term 
residue food sources atop the soil surface and by slowing soil temperature and moisture 
changes, through residue cover, to accommodate a longer active period for the 
earthworms (Kladivko, 2001).  While no-tillage conditions support the success of 
earthworms, the relationship is often a symbiotic one.  Earthworms tend to contribute to 
soil aggregation through their casting and feeding processes, the sites of which have also 
been recognized to contain additional nutrients and higher microbial populations (Blair 
et. al, 1995; Tomlin et al., 1995; Edwards et al., 1995).  Deep-burrowing earthworm 
varieties possess the capability to form permanent soil tunnels at least 2 m in depth and 
these tunnels help increase infiltration and provide sites for root growth (Kladivko, 2001; 
Edwards and Shipitalo, 1998).  Smaller burrowing earthworms provide increased porosity 
of top soils (Edwards and Shipitalo, 1998).  Each of these characteristics make 
earthworms of all varieties important contributors to the mixing of soil and breaking up 
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compaction under no-tillage soils, where no mechanical soil turnover occurs (House and 
Parmelee, 1985; Ungar and Kaspar, 1994).   
Fungal biomass, and the ratio of fungi to bacteria, tends to be increased in no-
tillage systems (Holland and Coleman, 1987; Beare et al., 1993; Frey et al., 1999; Six et 
al., 1999).  In no-tillage systems where residues remain atop the soil surface, fungi may 
utilize their hyphae to access both residues and soil nitrogen (Holland and Coleman, 
1987).  As determined by Beare et al. (1993), tillage impacts the placement of residues 
relative to the soil, in turn affecting the colonization of fungi and diversity of the fungal 
populations.  Specifically, in no-tillage systems, fungi community composition was 
vastly different than that observed under conventional tillage, with increased presence of 
residue and soil specialists under no-tillage and generalists colonizing under conventional 
tillage (Beare et al., 1993).  Frey et al. (1999) quantitatively compared fungal biomass in 
no-tillage and conventionally-tilled systems across the Great Plains and found fungal 
abundance in the 0-5 cm depth to be significantly higher in no-tillage soil surfaces 
compared to the soils under conventional tillage at all locations studied.  By promoting 
fungal populations, no-tillage results in increased binding of residues and soil particles 
contributing to aggregate formation (Six et al., 1998).  
2.6.4 Potential Challenges with No-Tillage 
The incidence of denitrification as one challenge in no-tillage systems has been 
discussed.  In addition, Hobbs (2007) cites the heavy, expensive specialized equipment 
required for no-tillage as one challenge facing its widespread adoption.  Outside of these 
costs, there are several additional concerns associated with no-tillage practices and their 
impacts on cash crops.  Impacts of no-tillage that sometimes induce a reduction in 
20 
 
growth, development, and yield include subsurface compaction and low soil 
temperatures, points that will now be discussed.   
 Given that no-tillage practices do not involve intense physical mixing of the soil, 
compaction of both the surface and subsurface soils can sometimes occur.  Compaction 
of deep soil layers under no-tillage management pose some concern to cash crop root 
development (Martinez et al., 2008; Busari et al., 2015).  According to Ehlers et al. 
(1983), as cited by Lampurlanes and Martinez (2003), root limitations increase in no-
tillage systems as bulk density increases and soil water decreases.  Greater root length 
density was observed in the upper profile of plots managed under no-tillage in 
comparison to conventionally-tilled plots, leading researchers to speculate that no-tillage 
subsoil compaction impeded further root development (Martinez et al., 2008).  On a 
sandy Alfisol in Southwest Nigeria, Busari and Salako (2012) found no difference in the 
first year of their tillage study in corn root mass between conventional and no-tillage 
practices; however root masses under conventionally-tilled soil were higher in the second 
year as compared to no-tillage plots, suggesting some limitations to root growth and 
development under the no-tillage plots.  As discussed earlier, earthworm channels, when 
paired with a greater number of biopores present in no-tillage soil, have been shown to 
increase root mass in no-tillage systems by 22% in comparison to conventional system 
(Malhi and Lemke, 2007; Busari et al., 2015).  Cover crops provide an additional 
biological method to break up compacted soil layers in no-tillage systems, a point which 
will be discussed later in more detail.   
Low soil temperatures under no-tillage conditions can also pose as a major 
challenge limiting crop growth such as continuous corn grown in poorly drained soils, as 
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found by Karlen (1990) in New York, Illinois, Iowa, Indiana, and Ohio.  In Colorado on a 
Fort Collins clay loam soil, Halvorson et al. (2006) determined that low soil temperatures 
associated with no-tillage induced delayed corn emergence and subsequent development 
in an irrigated continuous corn system, ultimately reducing corn grain yields in 
comparison to a conventionally-tilled system.  Corn under conventional tillage tasseled 
and completed pollination around a week earlier than corn under no-tillage planted at the 
same time, and populations in the conventionally-tilled plots totaled over 90,000 plants 
ha-1 in 2001 in comparison to no-tillage corn populations of around 86,000 plants ha-1 
(Halvorson et al., 2006).  Halvorson and Reule (2006) hypothesized that a corn-soybean 
rotation would eliminate some residue and induce warmer soil conditions, and their 
results suggested that this was the case, as no reduction in spring development was 
detected in the rotated corn.  Similar reductions in corn grain yield under no-tillage 
management has been found within the U.S. Corn Belt for irrigated continuous corn 
(Sims et al., 1998).  When comparing no-tillage and conventional tillage upon a rotation 
of corn-soybean-wheat and clover (Trifolium spp.) in Iowa, Singer et al. (2004) found 
that corn and soybean yields decreased under no-tillage in the first year.  Yields tended to 
be lower in the no-tillage plots than in tillage plots where manure was not applied, 
however, in systems where composted swine manure was applied, corn and soybean 
yields were equivalent in no-tillage and conventional tillage systems by the second year 
(Singer et al., 2004).   
Lyon et al. (2000) found that a surface residue cover of 30% has the potential to 
reduce soil erosion by up to 70% in comparison to no residue cover management.  This 
can be achieved to some extent using no-tillage practices; however, residue amounts vary 
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among traditional cash crops under no-tillage.  Fields under corn-soybean rotations, for 
example, can expect much lower residue cover following the soybean crop (Duiker, 
2011).  The addition of a cover crop into a corn-soybean rotation offers greater residue 
cover to the rotation as well as a variety of other benefits.  
2.7 Cover Crops 
 By definition, a cover crop is grown either during or between cash crop seasons, 
reducing the fallow period of a field, with the overall intention of improving or 
maintaining the quality of the agroecosystem (MCCC, 2014).  The notion of utilizing a 
cover crop to promote soil health is not new but rather has been known to man for 
centuries, appearing in fields of ancient Rome, China, and India (Ingels and Klonsky, 
1998).  However, the practice was largely forgotten beginning in the 1940s, due to the 
advent and subsequent reliance upon commercialized fertilizers to enhance the soil 
(Ingels and Klonsky, 1998).  With increased concern regarding the productivity of 
agronomic fields and subsequent environmental issues resulting from current agricultural 
practices, however, cover crops are gaining recognition once more for their impacts upon 
physical, chemical, and biological aspects of soil health.   
2.7.1 Soil Physical Properties under Cover Crops 
 Among the most recognized of cover crop abilities is the reduction of soil erosion 
potential (Langdale et al., 1992; Dabney, 1998; Kaspar et al., 2001; Sarrantonio, 2007).  
As discussed earlier, corn-soybean rotations are often accompanied by greater soil loss 
following soybean than following corn (Laflen and Moldenhauer, 1979).  Cover crops aid 
in preventing soil loss to wind and rain by physically holding the soil, slowing water 
movement, shielding the soil surface, increasing infiltration, and reducing surface runoff 
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(Langdale et al., 1992; Dabney, 1998; Sarrantonio, 2007).  Kessavalou and Walters 
(1997) investigated the impact of a winter rye cover crop following soybean to enhance 
winter and spring residue cover prior to corn planting and found that total surface residue 
increased by 30% with a winter cover crop as opposed to a fallow period following 
soybean.  In Iowa, Kaspar et al. (2001) found that the inclusion of a cereal rye (Secale 
cereale L.) cover crop on a Clarion loam soil increased water infiltration by 16% and 
reduced surface runoff by 10% when compared to a no cover control in a no-tillage corn-
soybean rotation following simulated rainfall applications.  Interrill erosion decreased by 
62% with a cereal rye cover crop and by 51% with an oat (Avena sativa L.) cover crop, in 
comparison to the no-cover control (Kaspar et al., 2001).   
Villamil et al. (2006) reported a 19% decrease in soil penetration resistance from 
the surface down to 5 cm when comparing a corn-rye-soybean-rye system under no-
tillage to a corn-soybean no-tillage system alone.  This decrease in penetration resistance 
can be explained as a function of the additional residues present in the cover crop system 
(Kladivko, 1994).  In Maryland, Williams and Weil (2004) studied the impact of Brassica 
cover crops and cereal rye “biodrilling” on subsequent soybean ability to penetrate a 
compacted silt loam soil and found that soybean roots advantageously traveled along the 
biodrilled pathways that remained as cover crop roots decomposed.  The cereal rye also 
left a thick residue cover, which helped conserve soil moisture during the beginning of 
the soybean season (Williams and Weil, 2004). 
Materechera et al. (1992) found that root size played a significant role in crop 
ability to penetrate through compacted layers on a sandy loam soil in South Australia.  
Cover crop species such as Brassicas including forage radish (Raphanus sativus L.) and 
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turnips (B. rapa L. var. rapa (L.) Thell), possess taproots which are especially effective in 
breaking through compacted soil (Clark, 2007).  Through cover crop biodrilling, biopores 
created by winter cover crop roots offer pathways for root growth that can be used by 
subsequent cash crops (Cresswell and Kirkegaard, 1995).  Cover crops, namely tap-
rooted species, could be especially helpful in alleviating compaction present in no-tillage 
systems that may otherwise limit cash crop rooting ability and yield (Materechera et al., 
1992; Ungar and Kaspar, 1994; Williams and Weil, 2004).  These biologically-created 
pathways also increase water infiltration through the soil profile (Clark, 2007).   
A well-structured soil better withstands compaction and erosion.  Aggregate 
stability of surface soil is improved through the use of cover crops (McVay et al., 1989; 
Sainju et al., 2003; Villamil et al., 2006).  This improvement can be attributed, in part, to 
the increased soil organic matter provided by a cover crop, discussed later, which 
contributes to aggregate stability (Villamil et al., 2006).  Aggregate stability is further 
enhanced through cover crop-induced enhancement of soil microbial, faunal, and root 
activities which contribute to the production of soil aggregates and binding agents 
(Villamil et al., 2006).  In Illinois, cover crops were also found to improve the water 
retention properties of soil in a corn-rye-soybean-vetch (Vicia villosa) or corn-rye-
soybean-vetch plus rye rotation, with the cover crop treatment significantly increasing the 
amount of water held between saturation and field capacity when compared to a corn-
soybean rotation alone (Villamil et al., 2006).   
 Organic matter amendments, as provided by cover crops, can improve the 
structure, infiltration ability, water-holding capacity, and cation exchange capacity of the 
soil (Sarrantonio, 2007).  The soil organic matter contributions of cover crops also reduce 
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the bulk density and increase total porosity of surface soil once cover crop residues 
decompose and are incorporated into the topsoil by soil organisms (Kladivko, 1994; 
Villamil et al., 2006).  In Illinois, a cereal rye and hairy vetch winter cover crop mix, 
when added to a corn-soybean rotation, provided an additional 15 kg ha-1 of soil organic 
matter to the system when compared to a corn-soybean system alone (Villamil et al., 
2006).  
2.7.2 Soil Chemical Properties under Cover Crops 
 Cover crops aid in reducing nitrate-N leaching by taking up inorganic soil N and 
maintaining it in its organic form in the cover crop; this nitrate-N taken up by the cover 
crop would otherwise continue in its mobile form and move through the profile between 
cash crop seasons (Magdoff, 1991a; Staver and Brinsfield, 1998).  Villamil et al. (2006) 
found that a corn-rye-soybean-vetch rotation significantly reduced soil nitrate-N in spring 
prior to cash crop planting from a depth ranging 5-15 cm below the soil surface.  The 
decrease in soil nitrate-N could be explained by the cumulative rotation effects from the 
N scavenging by the rye, the increased nitrate-N uptake that occurred with the prior corn 
crop, and the rapidly available mineralized N from the vetch (Ruffo et al., 2004; Villamil 
et al., 2006).  In Nebraska, Kessavalou and Walters (1999) found that a winter rye cover 
crop reduced total residual soil nitrate-N following soybean by over 30% in relation to a 
no cover crop comparison in a corn-soybean rotation on a silty clay loam soil.  However, 
this nitrate-N was mobilized from the winter rye residues across the growing season, 
leading the researchers to suggest an N credit of around 40 kg N per ton of rye dry matter 
should be allotted in this system (Kessavalou and Walters, 1999).  In Ontario, Vyn et al. 
(1999) found that soil nitrate-N increased by nearly three-fold following a red clover 
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(Trifolium pratense L.) cover crop as compared to a no-cover control while annual 
ryegrass significantly reduced soil nitrate-N concentrations in comparison to a no-cover 
control.   
2.7.3 Soil Biological Properties under Cover Crops  
Soil rhizosphere microbial and enzyme activity tends to be increased in the 
absence of tillage and in the presence of active vegetative growth (Bandick and Dick, 
1999).  Mullen et al. (1998) found that soil enzyme activity increased in no-tillage corn 
plots including cover crops as compared to no-cover no-tillage corn plots. As the 
presence of cover crop roots increases in a soil system, the presence and diversity of 
glomalin-producing mycorrhizae also increases, with legumes harboring large 
populations of the fungi among their roots systems (Sarrantonio, 2007).   
 Although the impact of cover crops on pest pressures varies, cover crops have 
been shown to reduce the presence of insects, weeds, pathogens, and nematodes 
(Teasdale et al., 1991; Przepiorkowski and Gorski, 1994; Haramoto and Gallandt, 2004; 
Haramoto and Gallandt, 2005).  Rapeseed (B. napus, B. rapa) provides biological control 
of parasitic nematodes and some weeds, given that Brassica species contain 
glucosinolates (Haramoto and Gallandt, 2004; Haramoto and Gallandt, 2005).  
Glucosinolates are not inherently toxic but can be hydrolyzed to produce toxic products 
that are detrimental to these pests (Haramoto and Gallandt, 2004; Haramoto and Gallandt, 
2005).  On a Norfolk loamy sand in Maryland, Teasdale et al. (1991) found that rye and 
hairy vetch cover crop residues expressed similar ability in decreasing total weed density 
in no-tillage plots rotated with corn when compared to a no-cover control.  However, in 
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Minnesota, De Bruin et al. (2005) found that winter rye did not adequately control weeds 
in situations where weed pressures were high.   
2.7.4 Challenges in Managing Cover Crops 
Cover crop selection is often performed according to a farmer’s primary needs.  
The goal may be to prevent soil erosion, to control nutrients and fertility, to improve soil 
tilth, to reduce soil erosion, and/or to provide pest management.  Secondly, a farmer must 
consider the niche occupied by the system and how to best fit cover crops into current 
management practices.   
 A cover crop’s carbon to nitrogen (C:N) ratio greatly determines the N dynamics 
of the system in which it is incorporated.  A crop’s C:N ratio represents the ratio of the 
mass of the carbon to the mass of the nitrogen in that crop (NRCS, 2011).  The 
microorganisms in soil have a C:N ratio close to 8:1, and given that these 
microorganisms use up C for energy and respire C as CO2, they must consume food 
sources high in C (NRCS, 2011).  Typically, residues with C:N ratios greater than 24:1 
result in immobilization, or nitrogen tie-up, while residues with C:N ratios below 24:1 
result in mineralization, or nitrogen surplus (NRCS, 2011).  Where cover crops are 
concerned, ideally, cover crop residues should have C:N ratios high enough to avoid such 
rapid decomposition to impede the many benefits of a residue surface cover; conversely 
residues should not have such high C:N ratios as to prevent timely decomposition in a 
manner that benefits succeeding crops (NRCS, 2011).  In Iowa on a Nicollet loam soil, 
Karlen and Doran (1991) found that a decomposing mix of oats, rye, and hairy vetch in 
springtime reduced soil nitrate-N in the top 30 cm of the soil profile to a point that 
lowered corn biomass accumulation, a stress not overcome by post-emergence N 
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application.  The vetch in this study did not result in much biomass or much N 
contribution (Karlen and Doran, 1991).  Following corn planting, the researchers 
fertilized half of the plots with 15N-depleted ammonium nitrate and half of the plots with 
normal ammonium nitrate (Karlen and Doran, 1991).  However, all of the ammonium 
nitrate was broadcast, and the researchers indicated that alternatively row- or band-
placing the nitrogen may have better accommodated the cover crop in this system (Karlen 
and Doran, 1991).  In contrast, in a soybean-winter rye-corn rotation on a Sharpsburg 
silty clay loam soil in Nebraska, Kessavalou and Walters (1997) found that a winter rye 
cover following soybean provided erosion-reducing benefits without harming subsequent 
corn grain yield.  In this case, the reduction in residual soil nitrate in plots rotating to 
winter rye was essentially equal to the N content of the winter rye at termination 
(Kessavalou and Walters, 1999).  In Indiana, starter N fertilizer application is 
recommended for systems using a grass cover crop before corn in no-tillage corn 
(Kladivko et al., 2015).   
Villamil et al. (2006) found that cereal rye residue was not transformed into soil 
organic matter in a corn-soybean system unless it was paired with hairy vetch as a winter 
cover mixture.  The hairy vetch provided a necessary N source for soil microbes and 
organisms to break down and incorporate the cover crop residues; without it, the high 
C:N ratio of the rye resulted in immobilized N and lack of activity within the soil 
microorganisms (Villamil et al., 2006).  Planting rye in a biculture lowers its C:N ratio 
and allows decomposition to progress more quickly than with rye alone; similarly, a 
legume such as hairy vetch is associated with quick N mineralization, and this rate is 
slowed to a more moderate level in biculture with rye (Ruffo and Bollero, 2003; Villamil 
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et al., 2006).  However, to ensure a succeeding cash crop receives adequate N during the 
initial lag period preceding N release from a winter legume, starter N fertilizer is 
recommended alongside cash crop planting in no-tillage systems (Balkcom et al., 2007).   
The C:N ratio of a cover crop is greatly determined by growth stage and timing of 
termination.  Small grain cover crops terminated at flowering possess a limiting C:N ratio 
exceeding 30:1, while early termination of grass cover crops can result in extremely 
rapidly decomposing residues from too narrow C:N ratios (Balkcom et al., 2007).  
Deciding upon termination times can be difficult, given that immobilization, water 
availability, and benefits of allowing adequate cover crop growth must be taken into 
consideration.  Delayed termination of winter rye can result in reduced soybean 
populations (De Bruin et al., 2005).  Furthermore, terminating rye by mowing with no 
additional herbicide was found to lower yields in succeeding soybean crops (Bauer, 1989; 
De Bruin et al., 2005).   However, rye termination by herbicide followed by later 
herbicide application for weeds resulted in no yield loss in soybean (Bauer, 1989; De 
Bruin et al., 2005). 
 Cover crops utilize soil moisture actively during growth and hold that moisture 
upon termination, helping conserve soil water, if residues remain following termination 
(Ungar and Vigil, 1998).  Cover crops may lead to increased crop yields in regions 
affected by drought, given the ability of the cover crops to trap soil moisture (CTIC, 
2014; Daigh et al., 2014).  Daigh et al. (2014) selected three sites across Iowa and Indiana 
ranging in climatic and soil characteristics to study winter rye biomass production and its 
impacts on soil moisture in corn-soybean rotations at these various Midwestern sites.  
During a drought period in 2012, one of the Iowa sites on Clarion, Nicollet, and Webster 
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soils ranging from poorly to moderately well-drained, exhibited significantly higher soil 
water content in cereal rye plots at 10 cm below the soil surface and higher soil water 
storage down to 80 cm below the soil surface when compared to no rye cover crop plots 
(Daigh et al., 2014).  Soil water conservation by the rye cover crop was particularly 
evident following termination, at the peak of biomass production (Daigh et al., 2014).  
The rye cover crop had no effect on the second site due to preexisting site characteristics, 
and no effect was observed at the third site due to lack of above ground biomass (Daigh 
et al., 2014).  However, overwintering cover crops can, under certain circumstances, have 
the tendency to use up soil water in springtime, drying the soil and inducing emergence 
and establishment issues for cash crops (Campbell et al., 1984; Karlen, 1989).  Winter rye 
has been noted as an aggressive springtime soil water user, which can induce stress upon 
cash crops in their early stages (Karlen and Doran, 1991).  As an alternative, oat has been 
studied to replace rye, given that it grows rapidly in fall season and then winter-kills, 
preventing further depletion of soil water (Karlen and Doran, 1991).   
Time of cover crop termination is also important for soil moisture, although 
rainfall following termination sometimes provides enough water to replenish the soil 
prior to cash crop planting (Balkcom et al., 2007).  Most cover crop effects tend in fact to 
be either beneficial or at least non-harmful to soil water supplies, as long as the 
succeeding cash crop occurs after adequate soil moisture has been restored to the soil 
(Ungar and Vigil, 1998).  Timing of cover crop termination is most important in soil 
water dynamics when expected precipitation is low (Ungar and Vigil, 1998).  Cover 
crops and their residues are known to reduce soil temperature and temperature 
fluctuations to the benefit of cash crops, however, a reduction in spring soil temperature 
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may hinder or delay spring cash crop planting and affect stand establishment (Balkcom et 
al., 2007).   
 Although it contributes to the beneficial reduction of weed species, the 
allelopathic potential of winter cereal cover crops such as cereal rye have produced 
varying effects upon succeeding cash crops, with cotton being particularly sensitive to 
allelopathic compounds in decaying cereal residues (Bauer and Reeves, 1999; Dhima et 
al., 2006).  Raimbault et al. (1990) hypothesized that allelopathic potential of a winter rye 
cover crop resulted in a reduction in corn yield throughout a three-year study in Ontario. 
In Nebraska on a Sharpsburg silty clay loam soil, Kessavalou and Walters (1997) 
similarly found that corn populations and grain yields were reduced following a cereal 
rye cover crop, a reduction the researchers attributed to allelopathic effects.  The findings 
of Raimbault et al. (1990) led to a recommendation that a corn cash crop planting be 
delayed by two to three weeks following rye termination or cultivation to reduce any 
allelopathic effect, although doing so would remove a significant biomass contribution of 
the rye during this time.  This recommendation is supported in part by Duiker and Curran 
(2005), who found that rye terminated seven to ten days before corn planting did not lead 
to a yield reduction in the corn crop.  Dhima et al. (2006) determined that corn 
germination, root length, and the fresh weight of corn seedlings were not harmed by the 
extracts of winter cereal cover crops, although these extracts subsequently affected weed 
species.  Therefore, with careful cover crop management and termination, winter cereals 
such as cereal rye show some promise in controlling weeds without detriment to corn and 
soybean yields.   
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 The impact of cover crops on cash crop yield has returned mixed results and has 
tended to vary according to species type, succeeding cash crop, environment, and, as 
earlier discussed, cover crop termination.  Williams and Weil (2004) found that soybean 
yields were increased following a forage radish (Raphanus sativus L.) treatment relative 
to no cover and rye alone, and this increase was further enhanced following a two-way 
forage radish and cereal rye treatment.  In Illinois, Ruffo et al. (2004) found no effect on 
soybean yield using a winter rye cover crop preceding the soybean crop.  Lack of cover 
crop impact on soybean yield is supported by some previous research (Swanton et al., 
1998; Reddy, 2001).  Vyn et al. (1999) found that corn yields were increased by the 
addition of a red clover cover crop as compared to corn following oilseed radish, annual 
ryegrass, or no cover.  However, corn yields have been found to be reduced following 
winter rye and annual ryegrass, due in part to N immobilization by the cover crop, as 
discussed above (Wagger, 1989; Tollenaar et al., 1993; Kessavalou and Walters, 1997; 
Vaughan and Evanylo, 1998; Vyn et al., 1999; Duiker and Curran, 2005).  
2.8 Measuring N Credit of Cover Crops 
Quantifying the amount of N provided by cover crops, with winter legume cover 
crops of particular interest, can be very beneficial in reducing both the costs and 
environmental impacts of N fertilizer.  However, the N credit for a legume cover crop in 
general can be difficult to determine for a variety of reasons, including that the N 
contribution of a legume cover crop often varies according to legume-environment 
interactions and other aspects of the cropping system (Baldock and Musgrave, 1980).  As 
examples, cover crop stage at termination, C:N ratio and N concentration, and 
surrounding soil temperature and moisture can all determine the time and extent to which 
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N is released by a cover crop (Kladivko, 2011).  For a more in-depth discussion of the 
methods used to measure N credits of cover crops, see Appendix A.   
2.9 Farmer Attitudes and Limitations to Cover Crop Adoption  
Across the Midwestern United States, cover crop adoption is relatively low 
compared to other portions of the country.  Across Iowa, Indiana, Illinois, and Minnesota, 
an estimated 11% of surveyed farmers planted cover crops in the five years previous to 
2005, with 8% of surveyed farmers having planted cover crops in fall of 2005 (Singer et 
al., 2007).  According to the 2013-2014 SARE-CTIC Cover Crop Survey Report, around 
1800 farmers reported having grown cover crops in the past five years (CTIC, 2014).  
According to the survey, given user responses across the U.S. in 2013, an estimated 
377,000 acres were planted to cover crops, which shows an increase from the estimated 
295,000 acres planted to cover crops in 2012 (CTIC, 2014).  Among reporting farmers, 
the top reasons cover crops were selected included an attempt to enhance soil health and 
soil organic matter, followed by reducing erosion and reducing compaction (CTIC, 2014; 
CTIC 2015).  Surveys of farmers in the U.S. Corn Belt provided no strong evidence that 
yield advantage drove farmers’ inclination toward cover crops (Singer et al., 2007).  
Similar results were shown in the CTIC-SARE survey, as only 2.5% of cover crop users 
listed increased yield among intended cover crop benefits (CTIC, 2015).  That said, a 
yield increase was reported by farmers for both corn (2.1% increase reported in 2014, 
3.2% increase reported in 2013) and soybean (4.2% increase reported in 2014, 4.3% 
increase reported in 2013) in cover cropped fields among reporting farmers (CTIC, 2014; 
CTIC 2015).  “Prevented planting” acres also provide some farmers with an incentive to 
plant cover crops, allowing for nutrient retention and erosion control in fields that cannot 
34 
 
be planted to cash crops; around half of the prevented planting acres reported in the 2013-
2014 CTIC-SARE survey were later planted to cover crops (CTIC, 2014).  Among 
Midwestern farmers, preferred cover crop species include winter wheat, cereal rye, 
brassicas, and annual grasses like oat and annual ryegrass (CTIC, 2014).   
Reasons surveyed farmers gave for withholding from implementing cover crops 
included an increased time commitment, cost, and lack of knowledge (Singer et al., 
2007).  A focus group of Michigan farmers revealed that providing more thorough and 
improved information to farmers regarding cover crop management could help to 
increase their participation (Snapp et al., 2005).  This response was echoed in the CTIC-
SARE surveys, with 76% of respondents in 2013 stating that the amount of available 
information on cover crops at least somewhat deters the adoption of cover crops (CTIC, 
2014).   
Currently many Midwest farmers appear willing to adopt cover crops into their 
current systems, however, they are unable to afford the initial establishment costs (Snapp 
et al., 2005; Singer et al., 2007).  However, in addition to establishment, direct costs for 
planting cover crops including seed, herbicide, and termination expenses, also factor into 
a farmer’s decision (MCCC, 2015).  In the Midwest, median seeding 
(planting/establishment) costs have been reported to be around $12 a-1, and seed costs are 
reported at $25 a-1 (CTIC, 2014).  In a publication on cover crop adoption in soybean 
rotations of the North Central Region, when surveying the top three obstacles to 
implementing cover crops, 50% of the responses involved at least one economic 
challenge (MCCC, 2015).  Government agencies could greatly enhance cover crop 
adoption by providing cost-sharing incentives.  Around 56% of Corn Belt farmers 
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surveyed by Singer et al. (2007) stated they would adopt cover crops if cost-share 
programs were widely available.  Some agencies do not highly rank cover crops for cost-
share programs, making it more difficult for farmers to obtain financial assistance for 
their establishment (Stockwell and Bryant, 2012).  To help alleviate this issue, greater 
emphasis on the conservation role of cover crops could be achieved by highlighting 
previous and current research, and criteria for determining cost-share eligibility could be 
adjusted with improved knowledge of cover crop benefits (Stockwell and Bryant, 2012).   
Around 42% of the respondents of the 2013-2014 CTIC-SARE survey who reported 
using cover crops also reported practicing no-tillage (CTIC, 2014).  Of those farmers 
surveyed by Singer et al. (2007), around 80% practiced conservation practices.  Nearly 
40% of those farmers surveyed stated they did not use cover crops, as they already 
practiced no-tillage (Singer et al., 2007).  However, as has been shown in this review, the 
combination of no-tillage and cover crop practices offers a number of additional benefits 
that arguably would not be found under no-tillage management alone.  In all, identified 
on-farm limitations regarding cover crops as a conservation measure, paired with general 
environmental concerns caused by conventional agricultural practices throughout the 
U.S. Corn Belt region, emphasize the importance of communicating the broader 




CHAPTER 3.  MATERIALS AND METHODS 
3.1 Site selection 
 The seven experimental sites presented in this thesis were established throughout 
the state of Indiana at the start of the CCSSHP project in 2012.  Site locations included 
three Purdue University Agricultural Center sites and four privately-owned farmer 
cooperator sites.  The three Purdue University-affiliated sites were located within the 
Northeast Purdue Agricultural Center (NEPAC), the Southeast Purdue Agricultural 
Center (SEPAC), and the Purdue University Crop Diagnostic Training and Research 
Center (DTC), located at the Purdue Agronomy Center for Research and Education 
(ACRE).  The four farmer cooperator sites were located within the Alford Farm, the 
Brocksmith Farm, the DeSutter Farm, and the Rulon Farm.  A map of these locations is 
presented in Figure 3.1.  This thesis covers the third year of sampling for the CCSSHP 
Project.  For this year, field experiments conducted across the 2015 growing season, 
beginning with planting of the fall 2014 cover crop and ending with harvest of the 
succeeding 2015 cash crop, will be reported.  Data collected in this timeframe were 
analyzed independently and compared with data from the first two years of the project.  



























Figure 3.1 Map of the seven field sites. Locations 
designated by solid stars represent farmer 
cooperator sites, and outlined stars represent the 





3.2 Site descriptions and experimental designs 
3.2.1 Purdue Agricultural Centers (PACs) 
More detailed site information, including experimental design will now be 
discussed for the sites found within each of the three Purdue Agricultural Centers 
(PACs).  For all sites, field composition including soil series, classifications, textures, and 
percent slope were determined using the Web Soil Survey database (Soil Survey Staff, 
NRCS).  For monthly mean air temperature and total precipitation data for each of the 
seven locations, see Figures 3.2, 3.3, 3.4, 3.5, and 3.6. 
3.2.1.1 Purdue University Crop Diagnostic Training Center Site (DTC) 
The DTC site contained soils of a Starks-Fincastle complex (Aeric Epiaqualfs) 
with 0-2% slopes.  Established in 2013 with the cash crop planting of soybean, the site 
was divided into four equal blocks (Northeast, Northwest, Southeast, and Southwest).  
Following the 2013 soybean harvest, ten cover crop treatments were established within 
each block.  The blocks were split in half to accommodate two alternating cash crop 
treatments of corn and soybean.  Five of the cover crop treatments were to precede corn 
and five to precede soybean.  Six of these ten cover-cash crop treatment pairs were 
sampled for the CCSSHP project.  In fall of 2013, the six cover-cash crop treatments 
included: 1) a control with no cover preceding corn (NC-Corn), 2) a control with no 
cover preceding soybean (NC-Soybean), 3) a mixture of oat (Avena sativa) and radish 
(Raphanus sativus L.) preceding corn (O/R-Corn), 4) cereal rye preceding soybean (CR-
Soybean), 5) a four-way mixture of oat, radish, crimson clover (Trifolium incarnatum), 
and cereal rye (Secale cereale) preceding corn (O/R/CC/CR-Corn), and 6) a three-way 




remaining four treatment pairs in each block were used for an adjacent study (Frank, 
2015).  In the following seasons, cash crop treatments rotated from corn to soybean (and 
vice-versa) with cover treatments adjusted accordingly.  These cash crop and 
corresponding cover crop rotations across the 2013 to 2015 growing seasons are 
summarized in Table 3.1.  Plots were managed under no-tillage.  The DTC plot 
dimensions were 3.0 m by 19.8 m.   
3.2.1.2 Northeast Purdue Agricultural Center Site (NEPAC) 
The NEPAC site soils were a mix of eroded Alfisols, with approximately 30% of 
the field consisting of Blount silt loam soil (Aeric Epiaqualfs) with 1-4% slopes, 32% 
consisting of Glynwood loam soil (Aquic Hapludalfs) with 2-6% slopes, 12% covered by 
Morley loam soil (Oxyaquic Hapludalfs) with 3-6% slopes, and 26% covered by Morley 
clay loam soil (Oxyaquic Hapludalfs) with 5-12% slopes.  Prior to 2012, the site was 
planted in wheat.  For the CCSSHP Project, as at DTC, a modified split-plot experimental 
design was utilized at NEPAC, establishing four replications of three subunit cover crop 
treatments preceding a corn whole-unit treatment and four replications of three subunit 
cover crop treatments preceding a soybean whole-unit treatment.  The cover crop 
treatments were randomized within each respective cash crop treatment, and each of the 
six subunit-whole-unit pairs was treated as one distinct cover-cash crop treatment for 
statistical purposes.  The same six cover-cash crop treatment pairs used at DTC were 
utilized at this site and similarly treated as distinct for statistical purposes, with one 
exception: in fall of 2012, there was a four-way mixture before soybean including oat, 
radish, cereal rye, and crimson clover.  In fall of 2013, the crimson clover was removed 




and cereal rye preceding soybean (O/R/CR-Soybean).  Cash crops and corresponding 
cover crop treatments rotated each year, in similar fashion to that described for NEPAC 
(Table 3.1).  Plots were maintained under no-tillage management.  The NEPAC plot 
dimensions were 9.1 m by 99.1 m.   
3.2.1.3 Southeast Purdue Agricultural Center Site (SEPAC) 
 The field at SEPAC contained silt loam soils with approximately 86% of the field 
area covered by a Ryker-Muscatatuck complex of soils (Typic Paleudalfs and Fragiaquic 
Paleudults, respectively) with undulating or rolling slopes and 14% of the field comprised 
of Oldenburg soil (Fluvaquentic Eutrudepts) with 0-2% slopes.  In fall of 2012, three 
blocks were established, and a modified split-plot experimental design similar to that 
used at NEPAC and DTC was created.  Thus, three replications of three subunit cover 
crop treatments preceding a soybean whole-unit treatment and three replications of three 
subunit cover crop treatments preceding a corn whole-unit treatment were randomly 
established.  The same six cover-cash crop treatment pairs used at NEPAC were utilized 
at this site and similarly treated as distinct for statistical purposes.  Cash crops and 
corresponding cover crop treatments rotated each year, in similar fashion to that 
described for NEPAC and DTC (Table 3.1).  Similar to NEPAC, in fall of 2013, the 
crimson clover was removed from the four-way mixture before soybean, resulting in a 
three-way mixture of oat, radish, and cereal rye preceding soybean (O/R/CR-Soybean).  
The SEPAC plots were 9.1 m by 109.7 m and were managed under no-tillage.   
3.2.2 Farmer cooperator sites 
This section will discuss the site information, including experimental design, at 




and Rulon farm.  In contrast to the PACs, farmer cooperator plots within each respective 
site and season were all planted to the same cash crop (i.e. in 2013 soybean was the cash 
crop spanning the entire field at Alford).  Cover crop and cash crop treatments for the 
four farmer locations are given in Table 3.2.   
3.2.2.1 Alford Farm Site (Alford) 
 The Alford Farm site contained silt loam soils with approximately 54% of the 
field covered by Rossmoyne soils (Aquic Fragiudalfs) at 0-2% slopes, approximately 
42% covered by Avonburg soils (Aeric Fragic Glossaqualfs) at 0-2% slopes, 4% covered 
by Cincinnati soils (Oxyaquic Fragiudalfs) with 2-6% slopes, and less than 1% by 
Weisburg soils (Oxyaquic Fragiudalfs) with 2-6% slopes.  Prior to 2013, the Alford field 
site was managed under no-tillage in a corn-soybean rotation; beginning six years prior to 
the CCSSHP project, this site was planted with cover crops each fall preceding a corn 
cash crop.  The study was begun in fall of 2012, and a randomized complete block design 
was created.  Four blocks were established, each with two cover treatments, resulting in 
eight plots.  Alford plot dimensions were 18.3 m by 152.4 m, and all plots were managed 
without tillage.  One treatment was a two-way mixture of wheat and crimson clover 
preceding corn (W/CC-Corn), which then switched the following season to no cover 
preceding soybean (NC-Soybean), and the other treatment was a two-way mixture of 
cereal rye and crimson clover, which was planted every season (before both corn and 
soybean) (CR/CC).  No cover crops were planted the first year.  In 2013, soybean was 
planted as the cash crop.  Following soybean harvest in fall of 2013, cover crops were 
planted, resulting in four replications of a no-cover treatment before corn and four 




harvest, no cover crops were established in fall of 2014.  A soybean cash crop was 
planted in spring of 2015. 
3.2.2.2 Brocksmith Farm Site (Brocksmith) 
 The field site at Brocksmith Farm contained silt loam soils.  Approximately 73% 
of the field was covered by Patton soils (Typic Endoaquolls) with no slope and 27% 
covered by Sylvan soils (Typic Hapludalfs) with 2-6% slopes.  Prior to the CCSSHP 
project, the site was planted in a corn-soybean rotation for over twenty years and 
managed under continuous no-tillage practices.  In 2012, plots with dimensions of 13.7 m 
by 189.6 m were created.  Using a randomized complete block design, the plots were 
separated into three blocks, each with two treatments.  Cash crop rotated each season 
between corn and soybean.  Treatments included a no cover control (NC), a three-way 
mixture of radish, crimson clover, and cereal rye (R/CC/CR).  No cover crops were 
planted in fall of 2012, and corn was the cash crop in 2013.  Following corn harvest, 
cover crops were established in fall of 2013 at this site.  The 2014 cash crop which 
followed was soybean.  In fall of 2014, a new four-way cover crop mixture was 
introduced to replace the existing three-way mixture.  This new mixture included oat, 
crimson clover, radish, and rapeseed (O/CC/R/RS).  Corn was planted as the 2015 cash 
crop.  Brocksmith plots continued to be managed under no-tillage practices throughout 






3.2.2.3 DeSutter Farm Site (DeSutter) 
 The DeSutter Farm plots contained silt loam soils and were approximately 43% 
covered by Lafayette soils (Aquic Argiudolls) with 0-2% slope, and 57% covered by 
Waupecan soils (Typic Argiudolls) with 0-2% and, in a small region, 2-6% slope.  Prior 
to the CCSSHP project, the field was managed under continuous no-tillage practices from 
1985 onward and was planted in continuous corn from 2009.  In fall of 2012, plots with 
dimensions of 37.8 m by 152.4 m were created using a randomized complete block 
design.  Four blocks were created, with each block containing two treatments.  One 
treatment consisted of a no cover control (NC).  The second treatment was cereal rye 
(CR).  No cover crops were planted in fall of 2012.  A corn cash crop was planted in 
2013, and cover crops were established in fall of 2013 following the corn harvest.  In 
spring of 2014, a soybean cash crop was planted.  In fall of 2014, all plots were planted in 
wheat rather than their prior treatments.  Wheat grew over the winter and spring and 
served as the cash crop for 2015.  A conventionally tilled neighboring field without cover 
crops was also considered (CONV), and four blocks, each with one plot were established 
on this field.  The neighboring site exhibited the same Waupecan soils (Typic Argiudolls) 
as the DeSutter site, with 0-2% and 2-6% slopes.  This site was in opposite rotation 
(corn/soybean) to the DeSutter site.  Plot dimensions were 140.2 m by 18.3 m.  Soybean 
was planted in 2013, corn in 2014, and soybean again in 2015.  This site was tilled 
following corn but was not tilled following soybean.          
3.2.2.4 Rulon Farm Site (Rulon) 
 The Rulon Farm field site contained approximately 49% Brookston soils (Typic 




less than 1% each of Miami soils (Oxyaquic Hapludalfs) at 2-6% slopes and Patton soils 
(Typic Endoaquolls) with no slope.  Prior to the CCSSHP project in 2012, this field 
followed a corn-soybean rotation for twenty years under no-tillage management since 
1993, with the exception of minimal tillage to level off soil following pattern tile 
installation in 2003-2004.  In fall of 2012, two blocks, each with four treatments were 
created using a randomized complete block design.  Plots were 68.3 m by 494.7 m and 
were managed under no-tillage practices.  The four treatments included a no cover 
control (NC), a two-way oat and radish mixture (O/R), cereal rye (CR), and annual 
ryegrass (AR).  Cover crops were established in the fall of 2012, following soybean 
harvest.  Corn was planted in spring of 2013, and cover crops were established following 
corn harvest in fall of 2013.  Soybean was the cash crop planted in spring of 2014, and 
the same cover crop treatments were planted in fall of 2014 following soybean harvest.  







Figure 3.2 DTC and DeSutter monthly precipitation (mm), 30-year normal (MN) monthly 
precipitation (mm) from 1982-2010, monthly mean daily temperature (°C), and 30-year 
normal (MN) monthly mean temperature from September 2014 through October 2015.  
Data from the West Lafayette 6 NW, IN weather station.  Copyright © 2000-2015 
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Figure 3.3 NEPAC monthly precipitation (mm), 30-year normal (MN) monthly 
precipitation (mm) from 1982-2010, monthly mean daily temperature (°C), and 30-year 
normal (MN) monthly mean temperature from September 2014 through October 2015.  
Data from the Columbia City, IN weather station.  Copyright © 2000-2015 Midwestern 
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Figure 3.4 Alford and SEPAC monthly precipitation (mm), 30-year normal (MN) 
monthly precipitation (mm) from 1982-2010, monthly mean daily temperature (°C), and 
30-year normal (MN) monthly mean temperature from September 2014 through October 
2015.  Data from the North Vernon 2 NE, IN weather station.  Copyright © 2000-2015 
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Figure 3.5 Brocksmith monthly precipitation (mm), 30-year normal (MN) monthly 
precipitation (mm) from 1982-2010, monthly mean daily temperature (°C), and 30-year 
normal (MN) monthly mean temperature from September 2014 through October 2015.  
Data from the Vincennes 5 NE, IN weather station.  Copyright © 2000-2015 Midwestern 
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Figure 3.6 Rulon monthly precipitation (mm), 30-year normal (MN) monthly 
precipitation (mm) from 1982-2010, monthly mean daily temperature (°C), and 30-year 
normal (MN) monthly mean temperature from September 2014 through October 2015.  
Data from the Tipton 5 SW, IN weather station.  Copyright © 2000-2015 Midwestern 
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Table 3.1 Cover crop treatments and cash crop treatments for the three Purdue University farm locations.  Fall treatments correspond 
to cover crop treatments planted after cash crop harvest, and summer treatments correspond to the subsequent cash crop planted 









Cover Crop Treatments 
Cash Crop 
Treatment 










































































Table 3.2 Cover crop treatments and cash crop treatments for the four farmer cooperator locations.  Fall treatments correspond to 
cover crop treatments planted after cash crop harvest, and summer treatments correspond to the subsequent cash crop planted 
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Soybean Wheat Wheat 





Soybean No Cover Corn 











Cereal Rye Cereal Rye 





3.3 2015 Crop management 
 Cover crop and cash crop management for the 2014-2015 season will now be 
discussed for the three Purdue University farm sites and the four farmer cooperator sites.  
Cover crop management for each location is further outlined in Table 3.3.  Additionally, 
fertilizer and amendment management for each site is summarized in Table 3.4, and 
pesticide management is given in Table 3.5.   
3.3.1 Purdue Agricultural Centers (PACs) 
 Following 2014 harvest of corn and soybeans at DTC, cover crops were drilled in 
late November, following the October 27 soybean harvest and November 11 corn harvest.  
Cover crops were terminated on May 7 preceding both corn and soybean planting.  On 
May 22, 2015, Beck’s 241NR soybeans were planted in 19 cm rows at 444,790 seeds ha-1 
using a Tye model 2015 drill.  On May 24, Mycogen 2T619 corn was planted in 76 cm 
rows at a population of 74,132 seeds ha-1 with a White 6100 4-row reduced tillage 
planter.  Corn plots were side-dressed with liquid N (28% N) on July 11.  Weeds 
persisted in the spring and summer within all DTC treatment plots.  Marestail (Conyza 
canadensis), dandelion (Taraxacum officinale L.), yellow sorrel (Oxalis corniculata L.), 
chickweed (Stellaria media L.), purple deadnettle (Lamium purpureum L.), common 
lambs-quarters (Chenopodium album L.), giant ragweed (Ambrosia trifida L.), henbit 
(Lamium amplexicaule L.), and other grass weeds were present in all plots.  Herbicide 
applications occurred on July 23 to control weeds in the soybean crop, but no application 
was performed in the corn plots.  Weed presence is to be noted as potentially affecting 




harvested on October 15.  For more information on DTC management including N 
fertilizer rates, see Tables 3.3, 3.4, and 3.5.  
 In 2014, cover crops at NEPAC were seeded on October 24 for plots going to 
corn in 2015, and on November 4 for plots going to soybean in 2015.  Cover crops and 
weeds were terminated on May 1 for corn plots and on May 21 for soybean plots.  On 
May 8, Pioneer P0987R corn was planted in 76 cm rows at 81,545 seeds ha-1 using a John 
Deere no-till drill.  Along with planting on May 8, a starter application of liquid N, 
ammonium thiosulfate (12-0-0, N-P2O5-K2O, 26% S), and ammonium polyphosphate 
(10-34-0, N-P2O5-K2O) was performed, and an insecticide application was made in a T-
band over the corn seed.  On May 29, Pioneer P26T76R soybeans were planted in 19 cm 
rows at 420,079 seeds ha-1 using a John Deere no-till drill.  An additional herbicide 
application was performed on June 3 for pre-emergence control of grasses and 
broadleaves in the soybean plots.  Soybeans were harvested on September 28, 2015, and 
corn was harvested on September 30.  For additional information on NEPAC 
management including N fertilizer rates, see Tables 3.3, Table 3.4, and Table 3.5. 
 At SEPAC, cover crops were seeded on October 1, 2014 with a JD1560 drill and 
NH6070 tractor.  A variable rate application of potash (0-0-60, N-P2O5-K2O) occurred on 
November 4.  In spring of 2015, cover crops were terminated before corn on April 17 and 
before soybean on May 1.  Persistent weeds were also sprayed at cover crop termination.  
Prior to termination, weed species present in all plots included purple deadnettle, yellow 
sorrel, leafy spurge (Euphorbia esula L.), chickweed, henbit, and dandelion.  Weed 
presence did not appear to compromise cover crop establishment.  On April 30, 2015, 




planter and JD4040 tractor.  Starter (22-11-0, N-P2O5-K2O) was applied along with corn 
planting on April 30.  On May 4, Pioneer P93Y72 soybeans were planted in 19 cm rows 
at 370,658 seeds ha-1 using a JD 1560 drill.  Corn plots were side-dressed with liquid N 
(28-0-0 N-P2O5-K2O) on June 15.  A post-plant herbicide application was also performed 
on June 15.  Soybeans and corn were harvested on September 24 and September 25, 
respectively.  For more information on SEPAC management including N fertilizer rates, 
see Tables 3.3, 3.4, and 3.5. 
3.3.2 Farmer cooperator sites 
 At Alford, corn was harvested in December of 2015 and as a result, no fall cover 
crops were planted.  Pre-plant herbicide application occurred on May 19, 2015.  Prior to 
planting, broadcast applications of potassium chloride (0-0-60, N-P2O5-K2O) and 
diammonium phosphate (18-46-0, N-P2O5-K2O) were performed on May 20.  A liquid N 
mix was also applied at this time.  On June 1, 2015, soybeans were planted at 420,079 
seeds ha-1 in 18 cm rows.  Post-emergence herbicide application occurred on July 26.  
Soybeans were harvested on October 16.  For more information on Alford management 
including fertilizer and herbicide rates, see Tables 3.3, 3.4, and 3.5. 
 At Brocksmith, cover crops were drilled on October 10, 2014.  Cover crops were 
terminated on April 18, 2015.  On April 30, Pioneer P1479AM corn was planted at 
84,016 seeds ha-1 in 76cm rows using a Case IH 1250 16-row planter.  A starter 
application of liquid N, ammonium thiosulfate (12-0-0, N-P2O5-K2O, 26% S), and 10% 
zinc was also performed on April 30.  An aerial fungicide application was made on July 
20.  Corn was side-dressed with liquid N (32-0-0, N-P2O5-K2O) on May 19.  Corn was 




on Brocksmith management and inputs including N fertilizer rates, see Tables 3.3, 3.4, 
and 3.5. 
 DeSutter planted wheat in the fall of 2014, so no fall cover crops were planted.  
On October 26, 2015, P25R46 wheat was planted at 1.7 million seeds ha-1 with a JD 1990 
air seeder. The wheat served as the 2015 cash crop and was harvested around July 30.  
On March 4, 20 gal of thiosul ammonium thiosulfate (28-0-0-5) was applied, and a liquid 
top dress application of liquid N (28-0-0, N-P2O5-K2O) occurred on April 15.  Fungicide 
and insecticide applications were performed on May 10.  The neighboring field, referred 
to in this thesis as DeSutter Neighbor, was planted in soybeans in 2015 in 19 cm rows 
using a no-till drill. Tillage was not performed prior to the soybean planting, as this site is 
only tilled prior to corn.  For more information on DeSutter management and inputs, see 
Tables 3.3, 3.4, and 3.5. 
 The Rulon site drilled cover crops on October 1, 2014.  Cover crops were 
terminated on April 17, 2015.  On May 2, 2015, Beck’s 5131AMXT corn was planted in 
76 cm rows at 81,545 seeds ha-1 using a White 9824 planter.  Starter liquid N (28-0-0, N-
P2O5-K2O) was applied at the time of planting.  On June 3, side-dress application of 
anhydrous ammonia (82-0-0 N-P2O-K2O) N at varying rates occurred.  Randomized 
across the treatment plots, applications of 62, 107, 129, 146, 151 and 196 kg N ha-1 were 
applied.  All samples obtained for the purposes of this thesis, however, were taken within 
the 146 kg N ha-1 (control) N rate.  Corn was harvested on September 26.  For more 




































































21 Sept Drill 44.84/4.04/2.24/1.35 18 Apr 
DeSutter Wheat 26 Oct Drill Unknown 




1 Oct Drill 
22.42/5.60 
17 Apr Cereal Rye 44.83 
Annual Ryegrass 16.81 








Table 3.4 Fertilizer management from fall 2014 through termination in 2015. 






Total P  
(kg ha-1) 
Total K 












11-52-0 -- -- -- 




Potash 0-0-60 -- -- -- 







33.6 13.35 -- 
Starter, mixed 






















18-46-0 46.4 51.7 -- Pre-plant 
30 Apr 
2015 











0-0-60 -- -- 108.64 Broadcast 





DAP 18-46-0 75.4 84.12 -- Fall 
Potash 0-0-60 -- -- 78.64 Fall 
18 Apr 
2015 
Liquid N 28-0-0 50.2 -- -- Preplant 
30 Apr 
2015 





12-0-0 3.0 -- -- 










Liquid N 28-0-0 66.9 -- -- 
Top-Dress Ammonium 
thiosulfate 
12-0-0 4.5 -- -- 
15 Apr 
2015 




Potash 0-0-60 -- -- -- Fall applied at 
variable rates, 




Table 3.4 Continued. 




Total N  
(kg ha-1) 
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varying N rates, 5 











Table 3.5 Pesticide management from fall 2014 through termination in 2015.   
Site Date Pesticide* 
Applied Rate 
(kg a.i. ha-1) 
Notes 
DTC 
7 May 2015 
Herbicide A 1.06 
To terminate broadleaves, 
weeds, and cover crops 
before corn and soybean 
Herbicide B 0.64 
Herbicide C 0.06 
Herbicide D 0.02 
23 Jul 2015 Herbicide A 1.06 
To terminate weeds in 
soybean plots 
NEPAC 
1 May 2015 
Herbicide A 1.54 To terminate cover crops 
before corn Herbicide E 0.44 
14 May 2015 
Herbicide A 1.00 
Pre-emergence control of 
grasses and broadleaves 
Herbicide F 0.04 
Herbicide G 0.09 
Herbicide H 1.57 
21 May 2015 Herbicide A 2.32 
To terminate cover crops 
and winter annual weeds 
in soybean 
3 Jun 2015 
Herbicide I 0.35 For pre-emergence 
control of grasses and 
broadleaves in soybean Herbicide J 0.04 
SEPAC 
17 Apr 2015 
Herbicide K 1.06 
To terminate cover crops 
before corn 
Herbicide L 0.02 
Sunburst Surfactant  
1 May 2015 
Herbicide K 1.06 
To terminate cover crops 
before soybean 
Herbicide L 0.02 
Sunburst Surfactant  
HENO D Surfactant  
4 Jun 2015 
Herbicide K 1.17 
To terminate weeds post-
plant 
Herbicide M 0.12 
Herbicide N 1.17 
15 Jun 2015 
Herbicide K 1.06 
To terminate weeds 







Table 3.5 Continued.  
Site Date Pesticide* 
Applied Rate 
(kg a.i. ha-1) 
Notes 
Alford 
19 May 2015 
Herbicide O 0.07 
For pre-plant 
control of weeds 
Herbicide P 0.84 
Herbicide L 0.02 
26 Jul 2015 
Herbicide K 0.034 
For post-plant 
weed control 
Herbicide Q 89.89 g a.i. ha-1 
Herbicide R 0.09 
Brocksmith 
28 Apr 2015 
Herbicide H 1.37 
To terminate 
cover crops and 
weeds prior to 
corn planting 
Herbicide N 1.08 
Herbicide S 0.97 
Preferance Surfactant  
Agrotain Ultra Stabilizer  
20 Jul 2015 
Fungicide A 0.04 
Aerial fungicide 
application 
Fungicide B 0.13 
Insecticide A 0.03 
Superb HC Crop Oil Surfactant  
Interlock Adjuvant  
DeSutter 10 May 2015 
Fungicide A 0.11 Fungicide 
application Insecticide B 0.03 
Rulon 17 Apr 2015   





* Herbicide A = Glyphosate [N-(phosphonomethyl)glycine] + Ammonium Sulfate, B = 
2,4-D amine (2,4-dichlorophenoxyacetic acid), C = Flumioxazin {2-[7-fluoro-3,4-
dihydro-3-oxo-4-(2-propynyl)-2H-1,4-benzoxazin-6-yl]-4,5,6,7-tetrahydro-1H-isoindole-
1,3(2H)-dione}, D = Chlorimuron ethyl {Ethyl 2-[[[[(4-chloro-6-methoxypyrimidin-2-
yl)amino]carbonyl]amino]sulfonyl]benzoate}; E = Dicamba (3,6-dichloro-2-
methoxybenzoic acid); F = Thiencarbazone-methyl; G = Isoxaflutole; H = Atrazine (2-
chloro, 4-ethylamino, 6-isopropylamino –s- triazine); I = Sulfentrazone; J = 
Chloroansulam-methyl {N-(2-carbomethoxy-6-chlorophenyl)-5-ethoxy-7-
fluoro(1,2,4)triazolo-[1,5-c]pyrimidine-2-sulfonamide}; K = Glyphosate [N-
(phosphonomethyl)glycine]; L = saflufenacil {N’-[2-chloro-4-fluoro-5-)3-methyl-2,6-
dioxo-4-(trifluoromethyl)-3,6-dihydro-1(2H)-pyrimidinyl)benzoyl]-N-isopropyl-N-
methylsulfamide}; M = Mesotrione {2-[4-(methylsulfonyl)-2-nitrobenzoyl]-1,3-
cyclohexanedione}; N = s-Metolachlor {acetamide, 2-chloro-N-(2-ethyl-6-
methylphenyl)-N-(2-methoxy-1-methylethyl]-,(S)}; O = Imazethapyr; P = Glyphosate-
isopropylammonium; Q = fomesafen sodium salt {5-[2-chloro-4-
(trifluoromethyl)phenoxy]-N-(methylsulfonyl)-2-nitrobenzamide, sodium salt}; R = 
Quizalofop P-Ethyl Ethyl(R)-2-[4-(6-chloroquinoxalin-2-yl oxy)- phenoxy]propionate; S 
= Paraquat dichloride;  
Fungicide A = Prothioconazole, 2-[2-(1-Chlorocyclopropyl)-3-(2-chlorophenyl)-2- 
hydroxypropyl]-1,2-dihydro-3H-1,2,4-triazole-3-thione; B = Trifloxystrobin, (E,E)-
alpha-(methoxyimino)-2-[[[[1-[3- (trifluoromethyl)phenyl] 
ethylidene]amino]oxy]methyl]-, methylester;  
Insecticide A = Deltamethrin, B = Cyfluthrin
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3.4 Sampling Methods 
All sampling prior to fall of 2014 was performed and analyzed by a previous 
student (Alford, 2015).  Sampling procedures detailed below for fall 2014 onward were 
similarly utilized in this prior sampling.  Table 3.6 outlines all sampling performed over 
this sampling period.   
3.4.1 Cover Crop Measurements 
In fall of 2014, cover crops were planted at the three PACs, as well as at Rulon 
Farm and Brocksmith Farm.  Biomass samples were not taken at Alford and DeSutter 
Farm sites.  Fall cover crop biomass was collected once in the fall season, in theory after 
the cover crop reached optimal growth preceding the advent of a killing frost or winter 
dormancy.  Fall biomass samples were collected on November 10 at SEPAC and 
Brocksmith Farm and on November 14 at Rulon Farm.  The NEPAC and DTC sites did 
not have enough growth to allow biomass to be collected (only crops at least 7cm in 
height were sampled).  At SEPAC, two 0.25 m2 frames were placed in representative 
locations of each plot.  In plots with cover crop treatments, the frames were each placed 
to incorporate three drilled cover crop rows.  Within each frame, plant heights were first 
recorded for each species present and photos taken.  Above-ground biomass was then 
harvested within the confines of each frame, cut approximately 2 cm from the ground 
using garden shears.  Harvested samples were bagged according to plot and frame and 
oven-dried at 60⁰C for three to four days.  The oven-dried biomass samples were then 
ground to <1mm and sent to A&L Great Lakes Laboratories in Fort Wayne, Indiana for 
analysis of total N content using the Dumas method as described by Bremner (1996).  At 
Brocksmith Farm and Rulon Farm, one hula hoop of known dimensions was used to take 
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one representative biomass sample from each cover treatment plot.  Samples were 
similarly dried and sent to A&L Lake Laboratories for biomass total N analysis.  At the 
A&L facility, total N concentration was determined via the Dumas combustion method 
(Bremner, 1996).  Total N concentration was determined for each sample, and biomass-N 
was calculated, as the product of total N and above-ground biomass.   
Spring biomass samples were collected on April 17 at SEPAC, on May 1 at 
NEPAC, on May 6 at DTC, on April 17 at Rulon Farm, and on April 10 at Brocksmith 
Farm.  Spring biomass samples were collected using the same methods as the fall 
samplings, respective to both the PACs and the farmer cooperator locations.  For both 
cover treatment and control plots, above-ground growth in the form of weeds or volunteer 
crop was also harvested within the confines of each sampling frame.  Cover crops 
preceding corn were terminated around two weeks prior to corn planting, to minimize 
allelopathic effects and competition for nitrogen between the cereal rye cover crop and 
corn crop.  Cover crops preceding soybean did not require this two-week termination 
interval.  A second round of sampling was performed at SEPAC on April 30, for the 
cover crop treatment plots preceding soybean, minus the no cover control.  These plots 
were terminated following this sampling and prior to soybean planting.  The NEPAC and 
DTC plots were not sampled a second time due to weather and timing restrictions.  The 
idea behind the second round of spring sampling at the PACs was to allow the cover 
crops preceding soybean an additional two weeks time (following termination in plots 
preceding corn) to grow prior to termination to see what additional biomass was amassed 
when termination was delayed until just prior to soybean planting as well as allowing for 
additional effects on soil properties occurring by allowing more growth of the cover crop. 
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Samples were similarly sent to A&L Great Lakes Laboratories and analyzed in the same 
way for total N determination.   
3.4.2 Soil Measurements 
3.4.2.1 Soil Nitrate-N and Soil Ammonium-N Measurements 
 Soil NO3-N and soil NH4-N concentrations were determined for samples collected 
across the cover crop and cash crop seasons.  Samples were collected in fall of 2014 prior 
to winter-kill or winter dormancy, in spring of 2015 prior to spring termination, and just 
prior to side-dress N application in mid-spring (PSNT) of 2015.  These measurements 
allowed for the determination of soil N status and availability, as impacted by the fall 
cover crop and growing cash crop throughout the 2015 growing season.  Soil NO3-N and 
NH4-N measurements in fall 2014 and spring 2015 were obtained using soil probes 2cm 
in diameter, at 0-30 cm and 30-60 cm depth increments.  For all farmer locations and all 
PACs except the DTC site, fifteen probe subsamples were taken and combined to create a 
composite sample for each of the two depths in each plot.  Given the small plot 
dimensions at the DTC site, seven subsample probes were taken and composited for each 
of the two depth increments in each plot at this location.  At PSNT sampling time, fifteen 
subsample probes (seven at DTC) were taken and composited for the 0-30 cm increment 
only for each plot.  Following sampling, all composite samples were air-dried and ground 
to <2mm.  Samples were then sent to A&L Great Lakes Laboratories in Fort Wayne, 
Indiana for extraction and soil NO3-N and NH4-N determination.  The A&L facility 
extracted the samples via 1N KCl.  Soil nitrate-N extract was analyzed by nitrate 
reduction and subsequent colorimetric determination using the Griess-Ilosvay method 
(Mulvaney, 1996).  Soil ammonium-N filtrate, extracted by 1N KCl was analyzed for 
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ammonia by the phenolate method based on the Bertholot reaction (Mulvaney, 1996).  
Fall 2014 soil nitrate-N and ammonium-N sampling occurred on November 21 at 
NEPAC, November 10 at SEPAC, November 17 at DTC, December 11 at Alford, 
November 10 at Brocksmith, and December 12 at Rulon.  Fall soil sampling was not 
performed at DeSutter Farm due to frozen soil conditions.  Spring soil nitrate-N and 
ammonium-N sampling occurred on May 2 at NEPAC, April 18 at SEPAC, May 6 at 
DTC, May 6 at Alford, April 10 at Brocksmith, May 18 at DeSutter, and April 28 at 
Rulon.  The PSNT soil nitrate-N and ammonium-N sampling occurred on May 21 at 
SEPAC, June 23 at Alford, June 10 at Brocksmith, June 2 at DeSutter, and June 3 at 
Rulon.  The PSNT soil sampling was not performed at NEPAC or DTC, due to time 
restrictions. 
3.4.2.2 Soil Water Content Measurements 
 Soil water content was intended to be measured in the fall of 2014, spring of 2015 
(both rounds at PACs), and PSNT time of 2015, in coordination with fall, spring, and 
PSNT soil nitrate-N and ammonium-N measurements.  Soil water content was measured 
at these times to indicate soil moisture as affected, in part, by the presence of cover crops 
across the 2015 growing season.  Additionally, soil water content was measured later in 
the spring along with soil penetration resistance, discussed later.  Soil probes 
approximately 2 cm in diameter were used to take soil samples from 0-10 cm and 10-20 
cm in depth.  Two samples at each depth were taken and composited per plot.  Samples 
were placed into cans for each respective depth/plot and sealed.  Wet weights (g) were 
obtained for the cans containing the wet soil samples.  Samples were then oven-dried at 
105°C, and oven-dry masses (g) were obtained.  After subtracting out empty can masses 
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(g), soil water content (g g-1) was calculated.  Soil water content (g g-1) is found by 
dividing the mass of the water in the wet soil sample by the oven-dry soil mass.  Fall 
2014 soil moisture sampling occurred on December 11 at Alford, November 10 at 
Brocksmith, and December 15 at Rulon.  Fall 2014 soil moisture was not collected at 
SEPAC, NEPAC, DTC, or DeSutter due to snow cover at sampling.  Spring soil moisture 
sampling occurred on May 1 and May 19 at NEPAC, April 30 at SEPAC, May 6 at DTC, 
May 6 at Alford, April 10 at Brocksmith, May 18 at DeSutter, and April 28 at Rulon.  
The PSNT soil moisture sampling occurred on May 21 at SEPAC, June 10 at Brocksmith, 
June 2 at DeSutter, and June 3 at Rulon.  The PSNT soil moisture was not taken at 
Alford, DTC, or NEPAC. 
3.4.2.3 Soil Temperature Measurements 
 Soil temperature was measured at 5 cm in the quarter row position at two 
locations in each plot when soil N samples were taken in fall of 2014, spring of 2015 
(both spring sampling rounds at the PACs), and PSNT of 2015.   
Fall 2014 soil temperature measurements occurred on December 11 at Alford and 
November 10 at Brocksmith.  Soil temperature was not measured at DeSutter, Rulon, or 
the PACs in fall of 2014, due to frozen soil conditions.  Spring soil temperature readings 
were taken on May 1 and May 19 at NEPAC, on April 30 at SEPAC, May 6 at DTC, 
May 6 at Alford, April 10 at Brocksmith, May 18 at DeSutter, and April 28 at Rulon.  
The PSNT soil temperature readings occurred on May 21 at SEPAC, June 23 at Alford, 
June 10 at Brocksmith, June 2 at DeSutter, and June 3 at Rulon.  The PSNT soil 
temperature was not taken at DTC or NEPAC.   
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3.4.2.4 Soil Moisture and Temperature DECAGON Sensor Measurements 
 DECAGON data loggers and accompanying 5TM sensors were utilized at 
SEPAC, NEPAC, DTC, and Brocksmith Farm and Rulon Farm.  Sensors were installed 
in fall of 2014 at the three PACs and in spring of 2015, following cash crop planting, at 
Brocksmith and Rulon.  Where necessary, sensors were removed and re-installed to 
accommodate planting equipment associated with spring cash crop planting, sidedress N 
application, and cash crop harvest.  At all sites, soil moisture and temperature sensors 
were installed at 10 cm and 20 cm below the soil surface at quarter-row to the growing 
cash crop.  Two sensors were installed at each depth for each logger.  Sensors were 
connected to a DECAGON EM50 digital/analog data logger, which recorded soil 
moisture and temperature once every sixty minutes.  Data was downloaded throughout 
the season via a DECAGON ECH2O Utility program (DECAGON Devices, Pullman, 
WA).  One logger was installed in each of the three cover treatments at the PACs, with 
two replications, for a total of six loggers in six respective plots.  At Brocksmith, one 
logger was installed in either of the two treatment options, with two replications, for a 
total of four loggers.  At Rulon, one logger was placed in each of the cereal rye treatment 
plots, and one in each of the no cover plots, for a total of four loggers.  DECAGON data 
is not included in this thesis. 
3.4.2.5 Soil Fertility 
 In coordination with spring soil nitrate-N and soil ammonium-N sampling, soil 
samples were taken using soil probes approximately 2cm in diameter.  Fifteen 
subsamples taken to 20 cm below the soil surface were composited for each plot.  
Composite samples were air-dried and ground to <2mm.  Samples were sent to A&L 
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Great Lakes Laboratories in Fort Wayne, Indiana for analysis.  Soil pH was measured for 
each sample following the creation of a 1:1 soil : water slurry analyzed with glass 
electrode pH meter (Warncke and Brown, 1989).  Mehlich III extraction (Warncke and 
Brown, 1989) was performed on a portion of each soil sample and transferred to an ICP 
for mineral analysis.  This process allowed for determination of both macronutrients such 
as potassium, magnesium, calcium, and sulfur, and micronutrients such as zinc, 
manganese, iron, and copper.  Soil fertility sampling occurred on May 19 at NEPAC, 
April 30 at SEPAC, May 20 at DTC, May 6 at Alford, April 10 at Brocksmith, May 18 at 
DeSutter, and April 28 at Rulon.   
3.4.2.6 Soil Aggregate Stability Measurements 
 Soil aggregate stability samples were obtained on June 11 at NEPAC, May 28 at 
SEPAC, July 6 at DTC, June 10 at Brocksmith, June 2 at DeSutter, and June 3 at Rulon.  
Soil aggregate samples were not taken at Alford Farm in 2015 due to lack of diversity 
between plots caused by no cover crops being planted.  Three surface slices spanning 
12.5 cm by 5.1 cm by 5.1cm were taken in each plot, at the quarter-row position, using a 
flat-edged spade.  Samples were bagged according to plot.  Aggregate samples were 
gently broken along natural planes of weakness and pushed moist through an 8mm sieve 
within 72 hours of sampling.  Sieved samples were air-dried, and then fine material 
passing through a 2mm sieve was discarded, leaving only aggregates between 2-8mm 
kept for analysis.   For each plot, two subsamples were placed on the top sieve in a nest 
of four sieves with screen sizes of 4.76 mm, 2.0 mm, 1.0 mm, and 0.21 mm, in 
decreasing order.  These subsamples were then analyzed for wet-aggregate stability using 
the method utilized by Kemper and Rosenau (1986).  Aggregate mass fraction was 
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multiplied by average diameter of each aggregate size class to determine mean weight 
diameter (MWD) for each sample (averaged across the two subsamples).   
3.4.2.7 Soil Bulk Density 
 Soil sampling was performed to determine soil bulk density as impacted in part by 
the cover crop treatments, obtained from the intact soil cores using methods as described 
by Blake (1965).  One intact core sample 3cm in height was taken between 0-10 cm and 
one between 10-20 cm using a hand bulk density cylinder.  Three replications were taken 
per plot.  At NEPAC and SEPAC, only the plots planted in corn were sampled in 2015.  
The DTC was not sampled in 2015, due to extensive prior soil disturbance from traffic 
that could have affected bulk density results.  Bulk density was not sampled in 2015 at 
Alford Farm.  Soil bulk density sampling occurred on June 12 for blocks 1 and 2, and on 
July 23 for blocks 3 and 4 at NEPAC, on May 28 at SEPAC, on June 10 at Brocksmith, 
on June 2 at DeSutter, and on June 3 at Rulon. 
3.4.2.8 Soil Water Retention 
 Bulk density core samples were also used to determine soil water retention.  
Water retention was determined at two points using the cores: saturation and -9.8 kPa, or 
field capacity for the sample soils.  Core samples were gradually saturated, weighed, and 
placed on previously constructed sand tables.  Water retention was then determined at -
9.8kPa according to methods described by Klute (1986).  Additionally, soil was collected 
by hand in the holes created by the bulk density sampler and separated into the 0-10 cm 
and 10-20 cm depths for each plot.  These samples were air-dried and ground <2mm.  
These samples were analyzed for water retention at -1500 kPa, or soil wilting point for 
the sample soils.  This was accomplished using pressure plates, via methods described by 
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Klute (1986).  Available water for these samples was further determined by subtracting 
the sample water retention values at -1500 kPa from corresponding water retention values 
at -9.8 kPa.   
3.4.2.9 Soil Penetration Resistance 
 Soil penetration resistance was measured to determine degree of rooting ability 
and compaction resistance in plots as affected, in part, by the presence of cover crops.  
Measurements were taken in late spring of 2015, when soil was expected to be near field 
capacity.  A CP40II digital cone penetrometer (RMF Australia, LTD) was used as 
described by Lowery and Morrison (2002).  Cone area dimensions were 32 mm2 and 
cone diameter was 20 mm.  Eight readings were taken per plot, with measurements taken 
and recorded every 2.5 cm from 0 cm to 60 cm.  Readings were taken on every plot at 
each site measured.  Readings were stored on the digital penetrometer and downloaded 
for further analysis.  The DTC site was not sampled in 2015, due to prior soil disturbance 
from traffic that could have affected results.  Soil penetration resistance was not sampled 
in 2015 at Alford Farm, due to lack of variation between plots (due to lack of cover crops 
being planted in fall of 2014).  Soil penetration resistance and corresponding soil 
moisture sampling occurred on June 11 at NEPAC, on May 28 at SEPAC, on June 10 at 
Brocksmith, and on June 3 at Rulon.  Soil penetration resistance was not measured in 
2015 at Alford Farm, DeSutter Farm, or DTC.   
3.4.3 Cash Crop Measurements 
3.4.3.1 Plant Population Counts 
 Cash crop plant populations were counted at each site in spring or summer of 
2015.  Corn populations were determined by counting number of corn plants in 4.05m2 
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plot area within two rows.  Soybean populations were determined by counting the 
number of soybean plants present in two randomly placed hula hoops, each 
approximately 66cm in diameter.  Population counts were performed on July 24 at 
NEPAC, on July 16 at SEPAC, on August 4 at DTC, on June 10 at Brocksmith, and on 
June 6 at Rulon.  Population counts were not performed at DeSutter or Alford farms.   
3.4.3.2 Chlorophyll (SPAD) Readings 
Chlorophyll readings were taken in summer of 2015, at sites containing corn as 
the cash crop, when corn plots were silking (VT/R1), using a Konica Minolta SPAD-
502Plus chlorophyll meter on the ear leaf as described by Schepers et al. (1998); these 
readings allowed for an assessment of the N status of the corn crop at the silking stage, as 
impacted in part by the cover treatment in each plot.  The chlorophyll meter measured 
transmittance of radiation through a 2 mm by 3 mm section of the ear leaf.  The meter 
emitted two different frequencies of light; one at 660nm and one at 940nm.  Thirty 
readings were randomly taken per plot at each site, from corn plants in rows adjacent to 
the center of each plot.  Chlorophyll readings were obtained on July 24 at NEPAC, on 
July 16 at SEPAC, on August 4 at DTC, on July 14 at Brocksmith, and on July 24 at 
Rulon.  As stated, readings were not obtained at Alford, which was planted to soybean for 
2015, nor DeSutter, which was in wheat in 2015.   
3.4.3.3 Basal Stalk Nitrate Test Measurements 
 Basal stalk nitrate concentration was measured for samples taken from corn plots 
during black layer, approximately two weeks within the time that the corn crop reached 
physiological maturity.  Ten to fifteen stalks 20 cm in length were cut with the bottom 
edge at 15 cm above the soil surface.  In 2015, stalk samples were collected on 
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September 21 from NEPAC, on September 14 from SEPAC, on September 30 from 
DTC, on September 2 from Brocksmith, and on September 22 from Rulon.  The stalk 
samples were bagged according to plot and were sent to A&L Great Lakes Laboratories 
for analysis of stalk nitrate-N concentration.  Stalk nitrate-N concentration was 
determined using a acetic acid extract of the stalk material passed through a copperized 
cadmium column reducing the nitrate to nitrite, which is then colorimetrically 
determined, as described by the Official Methods of Analysis (1990).   
3.4.3.4 Cash Crop Yield Measurements 
 Cash crop yields, as impacted in part by the cover crop treatments, were 
determined for each of the sites.  Combine yield monitors were used to determine yields 
in each plot.  All soybean plots were harvested to construct yield data.  For corn, the six 
center rows of each corn plot were harvested at NEPAC and SEPAC to construct yield 
data, and the two center rows of each corn plot at DTC were harvested to construct yield 
data. 
3.5 Statistical Analyses 
 The statistical program SAS (Version 9.3 and Version 9.4) (SAS Institute Inc., 
Cary, NC) was utilized for all statistical analyses performed for the purposes of this 
thesis.  Each of the sites was analyzed separately.  Cover crop biomass and biomass N 
content, SPAD readings, cash crop populations, stalk nitrate-N concentrations, yields, 
soil penetration resistance, penetrometer-related soil moisture, soil temperature, soil 
fertility, and soil aggregate stability results were analyzed as whole plot measures with a 
randomized complete block design using the GLM procedure.  Stalk nitrate-N results 
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were log-transformed for analysis.  The LSD mean separation tests were performed on all 
treatments resulting in significant effects (P≤0.05). 
 For biomass and biomass N, due to unbalanced data, described later, an LSMeans 
separation test was performed to predict missing values.  For soil penetration resistance 
and penetrometer soil moisture, separate ANOVAs were run for each depth to view 
differences among treatments at each depth.  Soil nitrate-N and ammonium-N, soil 
moisture, soil available water, soil total porosity, soil bulk density, and soil water 
retention at field capacity (-9.8kPa), wilting point (-1500kPa), and saturation were 
analyzed as a split-block experimental design, where cover crop treatment-cash crop 
treatment pairs were used as the whole-unit and depth serving as the split-block 
treatment.  These measures were analyzed using the MIXED procedure in GLM. Error 
variances for depth were pooled for the mixed models involving the split-block treatment 
of depth; this determination was made after determining whether error variances could be 
pooled based upon the rule that the majority of error variances were not significant 
(P≤0.25).  LSMeans separation tests were performed on all treatments resulting in 
significant effects (P≤0.05).  No transformations were performed on the above 
parameters.  A number of soil nitrate-N and ammonium-N results were dropped from 
statistical analysis due to zero variance in standard deviation.  After dropping these 
results, soil nitrate-N and ammonium-N resulted from only one treatment for two depth 
levels (0-30 cm and 30-60 cm) in DeSutter on May 18, 2015.  Results from this date were 
thus analyzed using a randomized complete block design using GLM.  Soil nitrate-N and 
ammonium-N samples collected at PSNT sampling time were taken as bulk samples just 
one depth (0-30 cm) per plot, allowing this measure to be analyzed as a randomized 
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complete block design using GLM.  Results from the DeSutter Neighbor field occurred 
under only one treatment for two depth levels (0-30 cm and 30-60 cm) for all parameters 
measured, so these results were analyzed as a randomized complete block design using 
GLM.  
For all whole-plot and split-block measures including results from both locations, 
DeSutter and DeSutter Neighbor results were compared using a t-test.  The DeSutter LSD 
values generated in the ANOVAs were compared to DeSutter Neighbor means from the 
ANOVAs (for whole-plot measures), or by running LSMeans separation tests on the 
DeSutter results generated in the above analyses and generating limits to declare 
significance of DeSutter Neighbor means from the above analyses (for split-block (depth) 
measures).  For the split-block measures, DeSutter Neighbor means were considered 





CHAPTER 4. RESULTS AND DISCUSSION 
4.1 General observations 
 Fall cover crop planting occurred at a later-than-optimal date at DTC and 
NEPAC, following a late cash crop harvest.  Given this late planting, cover crop growth 
was not appreciable at these locations at the time of a killing frost.  Temperatures 
dropped rapidly by November, at most locations below the thirty-year normal, as shown 
by Figures 3.2, 3.3, 3.4, and 3.5.  Frozen snow and snowfall occurring in November and 
December prevented some fall sampling, including biomass collection, some soil 
moisture sampling, timely installation of DECAGON soil moisture and temperature 
sensors at some locations, and soil nitrate-N and ammonium-N probing at one location 
(DeSutter).  
Considerable spring precipitation occurred in 2015 across the state of Indiana.  
Northeast Indiana was particularly affected.  This precipitation did not delay planting in 
most locations studied, with the exception of Alford Farm planted on June 1.  However, 
considerable rainfall noticeably affected corn stands at NEPAC.  Low spots in this field 
exhibited many corn plants behind the rest of the crop in stage and with smaller ears.   
Significant weed growth was noted in the spring of 2015 at both DTC and 
Brocksmith Farm.  Weed growth at these locations could confound spring biomass N 




4.2 Cover Crop Biomass and N Scavenging   
4.2.1 DTC 
The DTC site exhibited no appreciable cover crop growth by the time of late fall 
sampling in 2014, so no cover crops were sampled at this time.  Biomass samples were 
taken once in the spring of 2015 at DTC.  At this spring sampling, the no cover preceding 
soybean (NC-Soybean), cereal rye preceding soybean (CR-Soybean), and oat, radish, and 
rye mixture preceding soybean (O/R/CR-Soybean) produced greater aboveground 
biomass than the other treatments (Table 4.1).  Although a no cover treatment would not 
ordinarily be expected to produce significant biomass given lack of cover, this result was 
not surprising given the abundance of weeds at DTC in the spring.  Weed presence was 
noted across the entire plot area in the spring, and weed biomass in treatments without a 
cover crop was sampled just the same as cover crop biomass to provide an accurate 
representation of the total biomass, intended or otherwise, present in each plot at time of 
sampling.  The biomass growth in the CR-Soybean and O/R/CR-Soybean can mostly be 
attributed to the cereal rye in these treatments, as the oat winter-killed and similarly very 
little radish persisted into the spring season.  Weeds were also present within these two 
treatments, further contributing to biomass production.   The lowest amounts of spring 
biomass were found in the oat/radish treatment preceding corn (O/R-Corn) (12 kg ha-1) 
(Table 4.1).  A comparison to results from the second year of the study (Spring 2014) 
reveal the substantial impact the 2015 weeds had on biomass dry matter production at 
DTC (Alford, 2015).  As found by Alford (2015), in the spring of 2014, a year with less 
weed cover at the time of spring sampling, results from the DTC location indicated the 




without actively growing cover crops resulting in significantly less biomass dry matter 
(O/R-Corn, NC-Corn, and NC-Soybean).   
 In the spring of 2015, the oat/radish/crimson clover/cereal rye mixture preceding 
corn (O/R/CC/CR-Corn) and the O/R-Corn were the two treatments containing the 
highest tissue N concentrations (44.0 g N kg-1 and 42.1 g N kg-1, respectively), not 
significantly different from one another (Table 4.1).  This result can be explained by two 
contributing factors.  First, the 2014 soybean cash crop contributed residual soil N 
following the decomposition of its residues.  Cover crops and/or weeds in both of these 
treatments then scavenged the N as it became available.  Cover crop scavenging of 
residual soil N is well supported by research (Kessavalou and Walters, 1999; Vyn et al., 
1999; Villamil et al., 2006).  In the four-way mixture before corn (O/R/CC/CR-Corn), the 
legume crimson clover may have contributed to the higher biomass N concentration.  
Weeds in the O/R-Corn treatment may have contributed to tissue N results, however 
similar contribution would then be expected across all other treatments.  The NC-
Soybean treatment was significantly lower in tissue N concentration as compared to all 
other treatments (23.7 g N kg-1) (Table 4.1).  Although there may have been less soil N 
available following the 2014 corn crop as compared to the 2014 soybean crop, the weeds 
present in the NC-Soybean treatment at the time of the spring 2015 sampling would have 
been expected to take up some of that soil N.  The three remaining treatments produced 
tissue N concentrations between these values and did not differ significantly from one 
another.   
 The four treatments resulting in highest spring biomass N content included CR-




ha-1), and NC-Soybean (6.6 kg N ha-1), all statistically similar (Table 4.1).  The two 
treatments with the lowest N content were NC-Corn (3.8 kg N ha-1) and O/R-Corn (1.1 
kg N ha-1), both statistically similar (Table 4.1). These N contents were determined in 
part by the amount of spring biomass present at sampling and in part by the tissue N, thus 
high N content could have resulted from one of these determinants more so than the 
other.  As indicated by the results of Dabney et al. (2001) and Odhiambo and Bomke 
(2001), cover crop biomass N content in spring is directly affected by planting time in 
fall, with late planted crops experiencing much lower biomass production and 
subsequently lower nitrogen accumulation.  A second round of spring biomass samples 
was not taken in 2015 prior to cover crop termination, due to the need for timely cash 
crop planting.   
4.2.2 NEPAC 
 The cover crop plots at NEPAC lacked the growth necessary to sample biomass in 
fall of 2014, so no samples were taken at that time.  In the spring of 2015, biomass 
samples were taken at two times: prior to cover crop termination before corn eight days 
before corn planting, and eighteen days later for cover crops preceding soybean, with 
cover crops before soybean being terminated following sampling and prior to soybean 
planting.  The second sampling was performed only on cover crop plots preceding 
soybean to determine the impact of allowing around two more weeks of cover crop 
growth in these plots.  At the first spring sampling, all plots were sampled except the NC-
Corn treatment, which had no appreciable growth.  Due to zero variance between samples 
following the loss of some samples, however, the NC-Soybean and O/R-Corn treatments 




O/R/CR-Soybean treatments were statistically analyzed.  Within these three treatments, 
the O/R/CC/CR-Corn treatment produced significantly higher aboveground biomass (200 
kg ha-1) as compared to the other two, which were not significantly different from each 
other (Table 4.1).  The O/R/CR-Soybean resulted in 36 kg ha-1 of aboveground biomass 
production, while the CR-Soybean resulted in 24 kg ha-1 of aboveground biomass.  
Cereal rye growth was consistently more substantial in the O/R/CC/CR-Corn treatment 
plots, where it tended to be more sporadic in other plots, which helped explain the 
dramatic difference in biomass production among treatments.  Cereal rye in this 
treatment, as opposed to the CR-Soybean or O/R/CR-Soybean treatments, may have 
derived some benefit from residual soil N left over from the 2014 soybean crop.  
Kessavalou and Walters (1999) found that cereal rye following soybean scavenged N and 
accumulated up to 48 kg N ha-1 prior to termination.  In 2014, as reported by Alford 
(2015), the O/R/CC/CR-Corn treatment similarly produced the greatest amount of 
biomass dry matter in comparison to the other treatments.  Tissue N concentration was 
not significantly different among the treatments collected in the first round of spring 
sampling (Table 4.1).  However, for reasons discussed above, the O/R/CC/CR-Corn 
treatment resulted in significantly higher biomass N content (8.2 kg N ha-1) as compared 
to the two other treatments, CR-Soybean (1.5 kg N ha-1) and O/R/CR-Soybean (0.9 kg N 
ha-1), which were not different from each other (Table 4.1).   
At the time of the second sampling, no significant results in biomass dry matter 
production, tissue N concentration, and biomass N content were found among the 
treatments sampled (Table 4.1).  This may have been caused, in part, by the spotty cereal 




Alford (2015) reported a difference in biomass dry matter production and N content 
between these two treatments at NEPAC in 2014.  Alford (2015) found that the CR-
Soybean treatment resulted in higher biomass dry matter and biomass N content than the 
O/R/CR-Soybean treatment, which is to be expected given that the cereal rye drilled in 
the three-way mixture was invariably planted at a lower seeding rate than when it was 
seeded alone in the CR-Soybean treatment.  Lack of differences in total N produced by 
different cover crops has been observed in past research (Sainju et al., 2003; Villamil et 
al., 2006).     
4.2.3 SEPAC 
 The SEPAC cover crop plots were sampled in fall of 2014, but no significant 
differences were observed among the treatments with respect to aboveground biomass, 
tissue N concentration, and overall biomass N content.  In the spring of 2015, two rounds 
of biomass sampling occurred.  The first sampling was performed thirteen days prior to 
corn planting, at which point cover crops preceding corn were terminated following 
sampling.  Similar to NEPAC, the second sampling was performed only on cover crop 
plots preceding soybean thirteen days after the first sampling, to determine the impact of 
the two-week interval upon cover crop growth in those plots.   
 At the first spring sampling, the O/R/CC/CR-Corn treatment resulted in 1359 kg 
ha-1 of above-ground biomass, sharing statistical similarity with the CR-Soybean 
treatment (1200 kg ha-1) (Table 4.1).  As discussed above, this result is somewhat 
expected, given the rapid spring growth that occurs in cereal rye and also given that the 
rye in the four-way mixture may have derived some residual soil N to aid its growth from 




Soybean treatment, which produced 932 kg ha-1.  The lowest-producing treatments 
included NC-Soybean, O/R-Corn, and NC-Corn (465 kg ha-1, 318 kg ha-1, and 302 kg ha-
1, respectively).  These results are to be expected given the lack of cover (minus weeds) 
in the no cover treatment plots and understanding that the oat/radish mixture winter-
killed.   
 Tissue N concentration from the first spring sampling did not differ among 
treatments.  Biomass N content was significantly higher in the O/R/CC/CR-Corn 
treatment (34.0 kg N ha-1) than all other treatments (Table 4.1).  The CR-Soybean 
treatment and O/R/CR-Soybean treatment were statistically similar and resulted in the 
second highest group regarding biomass N (24.4 kg N ha-1 and 22.5 kg N ha-1, 
respectively) (Table 4.1).  Treatments with the lowest biomass N content results, all 
statistically similar to one another, included NC-Soybean, O/R-Corn, and NC-Corn (8.7 
kg N ha-1, 6.1 kg N ha-1, and 5.7 kg N ha-1, respectively) (Table 4.1).  These results 
follow the spring trend in aboveground biomass production, resulting to great extent from 
the amount of biomass produced.  It follows that the O/R/CC/CR-Corn treatment resulted 
in the highest biomass N content, given that this mixture not only produced the most 
biomass as compared to all treatments, the mixture also included the legume crimson 
clover, which contributed to the tissue N factoring into overall N content.   
 A second round of biomass was collected from the cover crop plots preceding 
soybean approximately two weeks after the first round of spring sampling, however no 
significant differences in aboveground biomass, tissue N concentration, or biomass N 
content were observed for the two treatments (O/R/CR-Soybean and CR-Soybean) 




growing time can have upon cover crop growth, the CR-Soybean treatment increased in 
average aboveground biomass by 1446 kg ha-1, from 1200 kg ha-1 to 2646 kg ha-1 from 
April 17 to April 30 (Table 4.1).  Similarly, the O/R/CR-Soybean treatment averaged 932 
kg ha-1 on April 17 and 1529 kg ha-1 on April 30, an increase of 597 kg ha-1 of above-
ground biomass (Table 4.1).  Vaughan and Evanylo (1998) achieved an even greater 
increase in biomass in cereal rye when comparing a treatment terminated three weeks 
prior to corn planting as compared to a treatment terminated a few days prior to corn 
planting.  In these two treatments, cereal rye growth produced around 5 Mg ha-1 of 
biomass at the early termination stage and around 10 Mg ha-1 of rye biomass at the late 
termination.  Biomass N content in the cereal rye biomass was around 100 kg N ha-1 at 
the early termination and at 124 kg N ha-1 at the second termination, both much higher 
than the biomass N content revealed by this study at SEPAC (Vaughan and Evanylo, 
1998).  However, SEPAC exhibited similar trends in increasing biomass and biomass N 
content with delayed termination of the cereal rye in spring.   
4.2.4 Alford Farm and DeSutter Farm 
 Given that Alford Farm was not planted in cover crops in the fall of 2014, no 
biomass samples were taken or analyzed from this location across the 2015 sampling 
timeframe.  DeSutter Farm also was not sampled for cover crop biomass given that it was 
planted to wheat in the fall of 2014.   
4.2.5 Brocksmith Farm 
 At the Brocksmith site, biomass samples were collected in the fall of 2014.  
Statistics were not run on these fall results given that only the oat/crimson 




plots had no appreciable biomass to sample.  In spring of 2015, however, both cover and 
no cover plots were sampled.  There was a tremendous amount of weed growth in all of 
the plots, and weeds dominated the biomass present in the O/CC/R/RS plots.  This 
confounded results and contributed to the finding of no statistically significant 
differences in biomass, tissue N concentration, and biomass N content between the cover 
and no cover treatments in the spring (Table 4.2).   
4.2.6 Rulon Farm 
 At Rulon Farm, biomass samples were taken in fall 2014.  In the fall, biomass was 
taken only for the annual ryegrass (AR), cereal rye (CR), and oat/radish (O/R) treatments.  
No cover (NC) plots were not sampled in the fall, given lack of biomass.  No statistically 
significant differences were observed for biomass dry matter production or biomass N 
content among the AR, O/R, and CR treatments at fall sampling (Table 4.2).  However, 
tissue N concentration in the CR and O/R treatments (47.9 g N kg-1 and 47.7 g N kg-1, 
respectively) was significantly higher than in the AR treatment (34.0 g N kg-1) (Table 
4.2).  This result is relatively unexpected, given that the two grass treatments (annual 
ryegrass and cereal rye) would be expected to behave similarly in their fall growth and 
scavenging ability (Clark, 2007).  Biomass production between the two treatments, as 
mentioned above, was not significantly different.  In the spring of 2015, biomass samples 
were collected for the AR and CR treatments only, given that there was no appreciable 
biomass in the O/R or NC plots.  Between the AR and CR treatments, no significant 
differences were found in biomass, tissue N concentration, or biomass N content (Table 





Table 4.1 Treatment effects on total biomass, tissue N concentration, and biomass N 
content LSMeans in fall and spring 2015 for PAC sites 






(g N kg-1) 
Biomass N 
Content 




NC-Corn 110cd 31.0b 3.8b 
O/R-Corn 12d 42.0a 1.1b 
O/R/CC/CR-Corn 185bc 44.0a 8.0a 
NC-Soybean 295a 23.7c 6.6a 
CR-Soybean 271ab 31.0b 8.0a 




NC-Corn 0 - - 
O/R-Corn 87† 50.0† 4.3† 
O/R/CC/CR-Corn 200a 40.5a 8.2a 
NC-Soybean 17† - - 
CR-Soybean 36b 38.9a 1.5b 




CR-Soybean 559a 31.2a 16.5a 




NC-Corn 0♯ - - 
O/R-Corn 143a‡ 45.0a 6.5a 
O/R/CC/CR-Corn 127a 48.0a 6.1a 
NC-Soybean 0 - - 
CR-Soybean 143a 43.9a 6.4a 




NC-Corn 302c 20.7a 5.7c 
O/R-Corn 318c 26.5a 6.1c 
O/R/CC/CR-Corn 1359a 25.4a 34.0a 
NC-Soybean 465c 19.1a 8.7c 
CR-Soybean 1200ab 20.6a 24.3b 




CR-Soybean 2646a 19.3a 51.1a 
O/R/CR-Soybean 1529a 22.1a 33.8a 
NC-Corn = no cover crop preceding corn; O/R-Corn = oat/radish mix before corn; 
O/R/CC/CR-Corn = oat/radish/crimson clover/cereal rye mix preceding corn; CR-
Soybean = cereal rye preceding soybean; NC-Soybean = no cover crop preceding 
soybean; O/R/CR-Soybean = oat/radish/cereal rye mix preceding soybean.  
♯Values of 0 or “–” indicate no samples were taken due to lack of growth or, in the case 
of the NC-Soybean treatment at NEPAC on May 1, missing samples. 
†Samples were not included in statistical analysis due to zero variance; means reported. 
‡Values reported with the same site and sampling date that contain the same lower case 




Table 4.2 Treatment effects on total biomass, tissue N concentration, and biomass N 










(g N kg-1) 
Biomass N 
Content 




NC 0# - - 




NC 1451a 23.2a 33.8a 




NC 0 - - 
AR 318a‡ 34.0b 10.6a 
CR 109a 47.9a 5.2a 




NC 0 - - 
AR 506a 28.7a 14.5a 
CR 1038a 34.8a 36.3a 
O/R 0 - - 
At Brocksmith, NC = no cover crop; O/CC/R/RS = a four-way mix of oat, crimson 
clover, radish, and rapeseed.  At Rulon, AR = annual ryegrass, CR = cereal rye, NC = no 
cover crop, and O/R = an oat and radish mix.   
#Biomass values of zero, and tissue N concentrations or biomass N contents marked with 
“–” indicate no samples were taken due to lack of growth. 
†Samples from this date were not included in statistical analysis due to only one 
treatment being sampled; means reported. 
‡Values reported with the same site and sampling date that contain the same lower case 




4.3 Soil Nitrate-N and Soil Ammonium-N 
4.3.1 DTC 
 In fall of 2014, the 0-30 cm and 30-60 cm depths were sampled for soil nitrate-N 
and ammonium-N.  Soil nitrate-N did not differ by cover crop treatment, nor was there a 
treatment * depth interaction at the time of fall sampling at DTC, but there was a 
significant depth effect on soil nitrate-N (Table 4.3, Table 4.4).  In fall, soil nitrate-N 
concentration was significantly higher on average at the 0-30 cm depth (3.8 mg kg-1) as 
compared to the 30-60 cm depth (2.6 mg kg-1).  This difference can be explained by the 
greater accumulation of soil nitrate-N in the top 30 cm due to initial breakdown of cash 
crop residues, which have not yet reached the 30-60 cm portion of the profile to as great 
of an extent.  In fall of 2013, according to Alford (2015), the no cover treatments had 
higher soil nitrate-N concentrations than the cover crop treatments.  Alford (2015) also 
found the 0-30 cm depth had higher average soil nitrate-N concentration than the 30-60 
cm depth in the fall of 2013.  In contrast, Dean and Weil (2009) found that cover crops 
including cereal rye significantly reduced soil nitrate-N in the fall relative to no cover 
controls.  With no appreciable cover crop growth in the fall of 2014 and low biomass N 
uptake reported, it would not be reasonable to expect a difference in soil nitrate-N or 
ammonium-N with cover crop treatment at the time of fall sampling. 
There was a significant treatment * depth effect on soil ammonium-N 
concentration in the fall, with the NC-Corn treatment having a higher soil ammonium-N 
(5.8 mg kg-1) than all other treatments at the 30-60 cm depth, and the CR-Soybean having 
lower soil ammonium-N than all other treatments except O/R/CC/CR-Corn at this depth 




the 0-30 cm and 30-60 cm depths in the NC-Corn and CR-Soybean treatments (Figure 
4.1).  Soil ammonium-N was higher at the 30-60 cm depth (5.8 mg kg-1) as compared to 
the 0-30 cm depth (3.5 mg kg-1) for NC-Corn, whereas for CR-Soybean it was higher in 
the 0-30 cm depth. Treatments going to corn in 2015 (i.e. just coming out of soybean) 
tended to result in higher soil ammonium-N at the 30-60 cm depth as compared to 
treatments going to soybean in 2015 (i.e. just coming out of corn).  This result may have 
occurred due to the more rapid decomposition of soybean as compared to corn, when the 
soybean C:N ratio is considered relatively low compared to the C:N ratio of corn 
(Mannering and Griffith, 1985).  Soybean root residues in this zone may have been 
converted to an ammonium form and then to nitrate form more quickly than the corn root 
residues.  There was no main treatment or depth effect observed in fall on soil 
ammonium-N (Table 4.5, Table 4.6).   
 In the spring, both 0-30 cm and 30-60 cm depths were again sampled for soil 
nitrate-N and ammonium-N concentrations.  In spring, cover crop treatment did not 
significantly affect soil ammonium-N concentrations (Table 4.5).  No treatment * depth 
interaction was observed soil ammonium-N.  The effect of cover crop treatment on soil 
nitrate-N was only analyzed statistically at the 0-30 cm due to zero variance in the 30-60 
cm results.  At the 0-30 cm depth, cover crop significantly affected soil nitrate-N 
concentration (Table 4.7).  Treatments including a 2015 corn cash crop tended to result in 
higher soil nitrate-N concentrations than treatments in soybean for 2015.  This trend can 
be explained by the rotation effect present in these plots, i.e. recalling the 2015 corn plots 
were previously planted to soybean whereas the 2015 soybean plots were previously 




residual soil N than the concurrent corn crop residues, given the ability of the soybean 
crop to fix N.  Furthermore, the N contained in the soybean residues is likely to be 
released into the soil in a timelier manner than the N in corn residues.  No starter N was 
applied by the time of sampling at DTC.  There was a significant depth effect observed in 
the spring for soil ammonium-N, where the top 0-30 cm depth (3.3 mg kg-1) resulted in a 
higher average soil ammonium-N concentration than the 30-60 cm depth (2.3 mg kg-1) 
(Table 4.6).  Given that soil ammonium-N does not move in the soil, this result is likely 
due to the fact that, under no-tillage conditions, most of the decomposing crop residues 
tend to remain at or just below the soil surface.  Soil ammonium-N not converted to 
nitrate-N thus remains at the site of decomposition and is bound to the soil in the top 
depth.  Depth did not significantly affect soil nitrate-N concentrations in the spring.  
Samples were not taken at PSNT sampling time due to field sampling conflicts and need 
to side-dress corn plots in a timely manner.  Poor cover crop biomass production was 
similarly shown to lead to no reduction in soil nitrate-N in the results of Kessavalou and 
Walters (1999).   
4.3.2 NEPAC 
 In fall of 2014, soil probe samples were taken at the 0-30 cm and 30-60 cm 
depths.  Cover crop treatment did not significantly affect soil nitrate-N or soil 
ammonium-N concentrations in the fall (Table 4.3, Table 4.5).  There were no treatment 
* depth effects observed in the fall at NEPAC on soil nitrate-N or soil ammonium-N, 
however a depth effect was observed for both soil nitrate-N and soil ammonium-N (Table 
4.4, Table 4.6).  Greater soil ammonium-N was present in the 0-30 cm depth (3.5 mg kg-




0-30 cm depth (4.8 mg kg-1) as compared to the 30-60 cm depth (2.6 mg kg-1).  As 
previously explained, the top 0-30 cm depth is more likely to contain greater amounts of 
both nitrate-N and ammonium-N given the decomposing cash crop residues from late 
summer concentrated primarily above and just below the soil surface due to no-tillage 
management.  Alford (2015) sampled only the 0-30 cm depth in the fall of 2012 and 
found the CR-S and O/R/CC/CR-S (changed to O/R/CR-S in 2013) had lower soil 
nitrate-N than other treatments.  In 2013, a cash crop effect was observed, where cover 
treatments following soybean and preceding the 2014 cash crop had higher soil nitrate-N 
concentrations than the cover treatments following corn and preceding the 2014 corn 
crop, for reasons explained above (Alford, 2015). 
 In the spring of 2015, samples were again taken from 0-30 cm and 30-60 cm to 
determine soil nitrate-N and ammonium-N.  At this time, there was a significant effect of 
treatment on soil nitrate-N concentrations (Table 4.3).  All treatments in corn were higher 
than treatments in soybean, with the highest nitrate-N resulting from the O/R-Corn (4.0 
mg kg-1), sharing statistical similarity with the NC-Corn (3.3 mg kg-1) and O/R/CC/CR-
Corn, and the lowest resulting from NC Soybean and O/R/CR-Soybean (both at 2.0 mg 
kg-1).   As previously explained, plots in corn could experience greater residual soil N 
from the 2014 soybean crop residue, which may have fixed N while growing and 
subsequently released N more readily than the 2014 corn residue upon decomposition.  In 
the NC-Corn treatment, with no cover crop to scavenge N released following the soybean 
cash crop, greater residual soil nitrate-N could likely be present as a result when 
compared to other treatments.  Starter N had not been applied by time of soil sampling in 




cereal rye to no cover plots, the cereal rye following soybean in their study reduced soil 
nitrate-N by 33% compared to the no cover following soybean.   
No treatment * depth effect was observed at this time for soil nitrate-N at 
NEPAC, but a significant depth effect was observed in the spring for soil nitrate-N (Table 
4.4).  Soil nitrate-N was higher at the 0-30 cm depth (3.3 mg kg-1) than at the 30-60 cm 
depth (2.5 mg kg-1), for reasons explained above.  No treatment effect or treatment * 
depth effect were observed for the soil ammonium-N concentrations at NEPAC in the 
spring (Table 4.5).  A significant depth effect was observed in the spring for soil 
ammonium-N, where the 0-30 cm depth had higher average soil ammonium-N (3.0 mg 
kg-1) than the 30-60 cm depth (1.7 mg kg-1), following the trend earlier described (Table 
4.6).  According to Alford (2015), spring 2014 results showed a more expected treatment 
* depth interaction, with treatments lacking spring cover (NC-Corn, NC-Soybean, O/R-
Corn) resulting in a higher soil nitrate-N concentration in the 0-30cm depth than in the 
30-60 cm depth.  As described by Alford (2015), this likely resulted as decomposing 
2013 corn and soybean crop residues released N that accumulated in the 0-30 cm range 
given there was no cover treatment to scavenge the soil N.  As with DTC, samples were 
not taken at PSNT sampling time at NEPAC due to field sampling conflicts and need to 
sidedress corn plots in a timely manner.   
4.3.3 SEPAC 
 In fall of 2014, soil samples were taken at the 0-30 cm and 30-60 cm depths to 
determine differences in soil nitrate-N and ammonium-N concentrations.  In the fall, no 
treatment, depth, or treatment * depth interaction effects were found for soil ammonium-




treatment was found in the fall (Table 4.3).  A significant treatment * depth interaction 
was found for soil nitrate-N in the fall at SEPAC (Figure 4.2).  In the top 30 cm of the 
soil profile, NC-Corn resulted in the highest soil nitrate-N concentration (7.0 mg kg-1), 
sharing similarity with O/R/CC/CR-Corn (6.3 mg kg-1).  The lowest soil nitrate-N was 
found in the CR-Soybean treatment (3.7 mg kg-1).  Soil nitrate-N tended to be higher in 
the fall in the upper 0-30 cm portion of the profile as compared to the 30-60 cm depth for 
all treatments except CR-Soybean.  These results are similar to those found in the fall at 
DTC and can be similarly explained.  A significant depth effect on soil nitrate-N was also 
observed in the fall at SEPAC, where the top 0-30 cm depth exhibited higher average soil 
nitrate-N (5.4 mg kg-1) as compared to the 30-60 cm depth (4.1 mg kg-1) (Table 4.4).  
This follows the trends explained above.   
 In the spring, soil samples were again obtained for the 0-30 cm and 30-60 cm 
depths.  At this time, no significant effect of treatment or treatment * depth interaction 
was found for soil ammonium-N (Table 4.5).  As at other locations, depth was found to 
significantly affect soil ammonium-N concentrations in the spring, with the 0-30 cm 
depth resulting in higher soil ammonium-N (5.1 mg kg-1) as compared to the lower 30-60 
cm increment (3.9 mg kg-1) (Table 4.6).  Soil nitrate-N was not significantly affected by 
depth nor was there a treatment * depth effect (Table 4.4).  The NC-Soybean treatment 
was not analyzed statistically at either depth range due to zero variance between samples.  
Cover crop treatment, however, was found to have a significant effect on soil nitrate-N 
concentrations in the spring at SEPAC (Table 4.3).  Specifically, O/R-Corn and NC-Corn 
resulted in the highest soil nitrate-N (3.8 mg kg-1 and 3.2 mg kg-1, respectively), with the 




the O/R/CC/CR-Corn result showed statistical similarity to CR-Soybean (2.0 mg kg-1) 
and O/R/CR-Soybean (1.8 mg kg-1), it is somewhat to be expected that this treatment 
would result in lower spring nitrate-N.  This comes from the four-way cover crop mixture 
and its ability to scavenge soil N throughout the season.  The cereal rye, which over-
winters, continues to scavenge this N as it grows in the spring.  This ability is reflected in 
the lower soil nitrate-N concentrations observed for the treatments containing cereal rye 
as shown above.  Starter N had not been applied prior to soil sampling in spring.  A 
significant treatment effect was also observed by Alford (2015) in the spring of 2013, 
with the cover crop mixtures preceding corn and soybean resulting in lower soil nitrate-N 
concentrations than the no cover treatments preceding corn and soybean.  In general, it 
would be expected that any treatment with cover actively growing in spring to result in 
lower soil N, and this trend was generally observed both by Alford (2015) and in 2015.   
 Soil nitrate-N and ammonium-N was also analyzed for samples collected at PSNT 
sampling time.  Samples were collected at only the 0-30 cm depth at this time.  No 
significant differences in soil ammonium-N according to treatment were found at this 
depth (Table 4.8).   Soil nitrate-N was affected by treatment, with the NC-Corn and O/R-
Corn treatments resulting in the highest average soil nitrate-N concentrations (21.0 mg 
kg-1 and 20.7 mg kg-1, respectively), sharing statistical similarity to O/R/CC/CR-Corn and 
the O/R/CR-Soybean resulting in the lowest soil nitrate-N, sharing statistical similarity to 
CR-Soybean (Table 4.7).  The NC and O/R treatments preceding corn had the highest soil 
nitrate-N in part because the corn crop followed a 2014 soybean crop that by this time 
had decomposed and contributed to the residual soil N and in part because there was little 




winter-killed as did the vast majority of the radish cover, therefore these crops were 
unable to uptake N past late November or early December of 2014.  In addition, residual 
soil N may be present to some degree in the 2015 corn plots, as these plots received 
starter N on April 30.  In contrast, the O/R/CR mix preceding soybean had less soil 
nitrate-N in part because the cereal rye crop continued to grow in the spring after going 
dormant in the winter, scavenging residual soil N that may have become available from 
the corn residues.  Similar impact of starter N, increasing soil nitrate-N in corn following 
winter cover crops as compared to soybean following winter cover crops, is supported by 
previous research (Ruffo et al., 2004; Villamil et al., 2006).   
4.3.4 Alford Farm 
 Although Alford Farm was not planted in cover crops in the fall of 2014, 
sampling took place throughout the 2014-2015 time frame along with the other sites to 
determine whether the plots that had previously been planted in cover crops continued to 
show effects of those covers when compared to one another (in this case, plots were 
planted in 2013 to either a mix of crimson clover and cereal rye or a mix of wheat and 
crimson clover).  Alford Farm was sampled in the fall at depth ranges of 0-30 cm and 30-
60 cm to determine soil nitrate-N and soil ammonium-N concentrations.  In the fall, there 
were no significant effects of treatment or treatment * depth effects on soil nitrate-N or 
soil ammonium-N (Table 4.5).  There was no depth effect on soil ammonium-N (Table 
4.6).  Depth had a significant effect on soil nitrate-N concentration, and the 0-30 cm 
depth resulted in significantly higher soil nitrate-N (4.0 mg kg-1) than the 30-60 cm depth 
(2.8 mg kg-1), for reasons previously explained (Table 4.4).  Significant treatment effects 




sampling, as the prior cover crop treatments both involved some cover and both included 
a legume; furthermore, the entire plot area was planted to soybean in 2014, which could 
have been expected to decompose and contribute some residual soil N to all plots evenly.   
 In the spring, the two soil depth ranges of 0-30 cm and 30-60 cm were again 
sampled for soil nitrate-N and soil ammonium-N concentration.  At this sampling time, 
there were no significant differences in soil nitrate-N or soil ammonium-N concentrations 
when considering treatment, depth, and treatment * depth effects (Table 4.3, Table 4.4, 
Table 4.5, Table 4.6).  At PSNT sampling time, only the top 0-30 cm soil depth range 
was sampled.  No significant effects of treatment were identified for soil nitrate-N or soil 
ammonium-N concentrations at this time (Table 4.7, Table 4.8).  In the spring and early 
summer samplings especially, it would be unlikely to identify a difference in the cover 
treatments given that the entire field was planted to some type of cover mix and later to 
the same soybean cash crop.   
4.3.5 Brocksmith Farm 
 Soil nitrate-N and ammonium-N were sampled for at Brocksmith Farm in late fall 
2014 and included both the 0-30 cm and 30-60 cm depths.  No significant cover crop 
treatment, depth, or treatment * depth effects were found on soil nitrate-N or ammonium-
N concentrations (Table 4.3, Table 4.4, Table 4.5, Table 4.6).  In the spring of 2015, only 
soil from the 0-30 cm depth was collected for soil nitrate-N and ammonium-N 
determinations.  Soil ammonium-N results from this sampling were dropped from 
statistical analysis due to zero variance between samples.  Cover crop treatment did not 
affect spring soil nitrate-N concentrations (Table 4.3).  The PSNT samples were not 




For both fall and spring, it was surprising to find no differences across treatments.  One 
important factor that could have complicated results at this site was the abundance of 
weeds present in the spring, as mentioned earlier, which could have reduced the 
differences that may have otherwise appeared between the no cover and mixed cover 
crop treatments.  In 2013, Alford (2015) found a significant depth effect occurring in the 
fall, with the 0-30 cm depth resulting in higher soil nitrate N concentrations than the 30-
60 cm depth.  In the spring of 2014, Alford (2015) observed a significant treatment effect, 
with higher soil nitrate-N concentrations resulting from the NC treatment as compared to 
the cover treatment, an expected result for reasons discussed earlier in this section.   
4.3.6 DeSutter Farm 
 With the DeSutter Farm, because it was planted to wheat in 2014 as opposed to 
cover crop treatments, this site was approached similar to Alford Farm; prior cover crop 
treatments were considered and sampling occurred according to the previously existing 
plots.  For DeSutter this resulted in comparing a wheat, previously no-till only treatment 
to a wheat, previously no-till/cereal rye treatment.  
 In fall of 2014, the soil froze before samples could be taken.  In spring of 2015, 
soil samples were taken from the 0-30 cm depth range as well as the 30-60 cm depth 
range.  Soil ammonium-N and soil nitrate-N results from the wheat, previously no cover 
treatment were dropped from statistical analysis due to zero variance.  This led to a depth 
comparison only for the wheat, previously cereal rye treatment for both soil nitrate-N and 
soil ammonium-N.  Depth did not affect soil nitrate-N or soil ammonium-N 
concentrations at the spring sampling time (Table 4.4, Table 4.6).  A difference in the 




active wheat crop growing across the entire site, this difference could have been 
overshadowed by uniform N uptake by the wheat.   
 At PSNT sampling time (taken mid-summer, in line with other locations, given no 
corn crop at this location), soil was collected from the 0-30 cm depth only.  Soil 
ammonium-N results were dropped from analysis due to zero variance.  No treatment 
effects were found for soil nitrate-N results at PSNT sampling time (Table 4.7).  Given 
the lack of differences observed in the fall sampling, it was not surprising to find no 
significant differences between the wheat plots previously under no cover versus wheat 
plots previously under cereal rye cover.   
4.3.7 Rulon Farm 
 Soil samples were collected in fall of 2014 for soil nitrate-N and ammonium-N 
analysis at both 0-30 cm and 30-60 cm depths.  Results from soil nitrate-N at the 30-60 
cm depth and ammonium-N results at the 0-30 cm depth were unable to be run with 
statistical analyses due to zero variance between samples.  There was no treatment effect 
at 0-30 cm on soil nitrate-N (Table 4.7).  There was no effect of treatment on soil 
ammonium-N at 30-60 cm (Table 4.5).   
In spring, soil was again sampled from the 0-30 cm and 30-60 cm depth ranges.  
Soil ammonium-N results for the CR and NC treatments and soil nitrate-N results for the 
AR treatment were dropped from statistical analysis due to zero variance.  No significant 
effects of treatment, depth, or treatment * depth interaction were found for either soil 
nitrate-N or soil ammonium-N results (Table 4.3, Table 4.4, Table 4.5, Table 4.6).  At 
PSNT sampling, the 0-30 cm depth was sampled for soil nitrate-N and ammonium-N.  No 




Table 4.8).  Lack of significant results at each of these sampling times, although there 
were four different cover crop treatments, could have been caused by both late fall cover 
crop planting and wet spring conditions contributing to N leaching.  Lack of variation 
between plot replications, which prevented statistical analysis on some samples, may 
have contributed to these confounding results.  Alford (2015) encountered similar lack of 
variation and inability to perform statistical analysis, resulting in similar lack of 
significant results in her 2013 and 2014 results from Rulon.  
4.3.8 Summary of Results 
 To summarize for all locations, if soil nitrate-N and soil ammonium-N differed 
with depth, concentrations were typically higher in the 0-30 cm depth than in the 30-60 
cm depth.  Cover crops tended not to affect soil nitrate-N or soil ammonium-N 
concentrations in the fall of 2014.  Dependent on cover crop planting date, some locations 
indicated a significant effect of cover crop treatment on soil nitrate-N concentrations in 
the spring and prior to side-dress N application in early summer, with no cover control 
and oat/radish treatments tending to have higher soil nitrate-N concentrations than 




Table 4.3 Soil nitrate-N concentration as affected by cover crop treatment, averaged over 
two depths.  LSMeans are reported. 
Date Location Treatment 

















































Table 4.3. Continued. 
Date Location Treatment 





























NC-Corn = no cover crop preceding corn; O/R-Corn = oat/radish mix before corn; 
O/R/CC/CR-Corn = oat/radish/crimson clover/cereal rye mix preceding corn; CR-
Soybean = cereal rye preceding soybean; NC-Soybean = no cover crop preceding 
soybean; O/R/CR-Soybean = oat/radish/cereal rye mix before soybean; NC-W/CC = no 
cover in 2015, 2014 planted in wheat/crimson clover mix; NC-CR/CC = no cover in 
2015, 2014 planted in cereal rye/crimson clover mix; NC= no cover; O/CC/R/RS = a 
four-way mix of oat, crimson clover, radish, and rapeseed; W-NT = 2015 wheat, 2014 no 
till only; W-NT/CR = 2015 wheat, 2014 no till with cereal rye; AR = annual ryegrass, CR 
= cereal rye, and O/R = an oat and radish mix.   
±Values without a letter with the same site and sampling date did not statistically differ at 
P≤ 0.05. 
#Value not analyzed statistically given lack of variation between samples.   
‡Values reported with the same site and sampling date that contain the same lower case 




Table 4.4 Soil nitrate-N concentration as affected by depth, averaged across cover crop 
treatments. LSMeans are reported.   
Date Location 
Depth            
(cm) 

























































NC-Corn = no cover crop preceding corn; O/R-Corn = oat/radish mix before corn; 
O/R/CC/CR-Corn = oat/radish/crimson clover/cereal rye mix preceding corn; CR-
Soybean = cereal rye preceding soybean; NC-Soybean = no cover crop preceding 
soybean; O/R/CR-Soybean = oat/radish/cereal rye mix before soybean; NC-W/CC = no 
cover in 2015, 2014 planted in wheat/crimson clover mix; NC-CR/CC = no cover in 
2015, 2014 planted in cereal rye/crimson clover mix; NC= no cover; O/CC/R/RS = a 
four-way mix of oat, crimson clover, radish, and rapeseed; W-NT = 2015 wheat, 2014 no 
till only; W-NT/CR = 2015 wheat, 2014 no till with cereal rye; AR = annual ryegrass, CR 
= cereal rye, and O/R = an oat and radish mix.   
±Values without a letter with the same site and sampling date did not statistically differ at 
P≤ 0.05. 
†Rulon on Dec 17 was only analyzed at the 30-60 cm depth due to zero variance among 
0-30 cm samples.  Mean values averaged across treatment are reported for each depth. 
‡Values reported with the same site and sampling date that contain the same lower case 
letter are not statistically different at the P≤ 0.05. 
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Table 4.5 Soil ammonium-N concentration as affected by cover crop treatment, averaged 
over depth.  LSMeans are reported.   
Date Location Treatment 
Soil Ammonium-N 

























































Table 4.5. Continued. 
Date Location Treatment 
Soil Ammonium-N 



































NC-Corn = no cover crop preceding corn; O/R-Corn = oat/radish mix before corn; 
O/R/CC/CR-Corn = oat/radish/crimson clover/cereal rye mix preceding corn; CR-
Soybean = cereal rye preceding soybean; NC-Soybean = no cover crop preceding 
soybean; O/R/CR-Soybean = oat/radish/cereal rye mix before soybean; NC-W/CC = no 
cover in 2015, 2014 planted in wheat/crimson clover mix; NC-CR/CC = no cover in 
2015, 2014 planted in cereal rye/crimson clover mix; NC= no cover; O/CC/R/RS = a 
four-way mix of oat, crimson clover, radish, and rapeseed; W-NT = 2015 wheat, 2014 no 
till only; W-NT/CR = 2015 wheat, 2014 no till with cereal rye; AR = annual ryegrass, CR 
= cereal rye, and O/R = an oat and radish mix.   
±Values without a letter with the same site and sampling date did not statistically differ at 
P≤ 0.05. 
†Rulon on Dec 17 was only analyzed at the 30-60 cm depth due to zero variance among 
0-30 cm samples. Treatment effects averaged over 30-60 cm are reported. 
#Values not included in statistical analysis due to zero variance between samples.  Mean 




Table 4.6 Soil ammonium-N concentration as affected by depth, averaged across cover 
crop treatments. LSMeans are reported.   
Date Location 
Depth            
(cm) 
Soil Ammonium-N 





























































NC-Corn = no cover crop preceding corn; O/R-Corn = oat/radish mix before corn; 
O/R/CC/CR-Corn = oat/radish/crimson clover/cereal rye mix preceding corn; CR-
Soybean = cereal rye preceding corn; NC-Soybean = no cover crop preceding soybean; 
O/R/CR-Soybean = oat/radish/cereal rye mix before soybean; NC-W/CC = no cover in 
2015, 2014 planted in wheat/crimson clover mix; NC-CR/CC = no cover in 2015, 2014 
planted in cereal rye/crimson clover mix; NC= no cover; O/CC/R/RS = a four-way mix 
of oat, crimson clover, radish, and rapeseed; W-NT = 2015 wheat, 2014 no till only; W-
NT/CR = 2015 wheat, 2014 no till with cereal rye; AR = annual ryegrass, CR = cereal 
rye, and O/R = an oat and radish mix.   
±Values without a letter with the same site and sampling date did not statistically differ at 
P≤ 0.05. 
‡Values reported with the same site and sampling date that contain the same lower case 
letter are not statistically different at the P≤ 0.05 
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Table 4.7 Soil nitrate-N concentrations as affected by cover crop treatment for sampling 
dates in which only one depth range was measured or statistically analyzed. 
Date Location Treatment Depth (cm) 
Soil Nitrate-N 





























































  O/R/CR-Soybean 3.3d 
NC-Corn = no cover crop preceding corn; O/R-Corn = oat/radish mix before corn; 
O/R/CC/CR-Corn = oat/radish/crimson clover/cereal rye mix preceding corn; CR-
Soybean = cereal rye preceding soybean; NC-Soybean = no cover crop preceding 
soybean; O/R/CR-Soybean = oat/radish/cereal rye mix before soybean; NC-W/CC = no 
cover in 2015, 2014 planted in wheat/crimson clover mix; NC-CR/CC = no cover in 
2015, 2014 planted in cereal rye/crimson clover mix; NC= no cover; O/CC/R/RS = a 
four-way mix of oat, crimson clover, radish, and rapeseed; W-NT = 2015 wheat, 2014 no 
till only; W-NT/CR = 2015 wheat, 2014 no till with cereal rye; AR = annual ryegrass, CR 
= cereal rye, and O/R = an oat and radish mix.   
±Values without a letter with the same site and sampling date did not statistically differ at 
P≤ 0.05. 
‡Values reported with the same site and sampling date that contain the same lower case 
letter are not statistically different at the P≤ 0.05.
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Table 4.8 Soil ammonium-N concentration as affected by cover crop treatment for 
sampling dates in which only one depth range (0-30 cm) was measured. 
Date Location Treatment 
Soil Ammonium-N 






















NC-Corn = no cover crop preceding corn; O/R-Corn = oat/radish mix before corn; 
O/R/CC/CR-Corn = oat/radish/crimson clover/cereal rye mix preceding corn; CR-
Soybean = cereal rye preceding soybean; NC-Soybean = no cover crop preceding 
soybean; O/R/CR-Soybean = oat/radish/cereal rye mix before soybean; NC-W/CC = no 
cover in 2015, 2014 planted in wheat/crimson clover mix; NC-CR/CC = no cover in 
2015, 2014 planted in cereal rye/crimson clover mix; NC= no cover; O/CC/R/RS = a 
four-way mix of oat, crimson clover, radish, and rapeseed; W-NT = 2015 wheat, 2014 no 
till only; W-NT/CR = 2015 wheat, 2014 no till with cereal rye; AR = annual ryegrass, CR 
= cereal rye, and O/R = an oat and radish mix.   
±Values without a letter with the same site and sampling date did not statistically differ at 
P≤ 0.05. 
#Values not included in statistical analysis due to zero variance between samples.  Mean 




Figure 4.1 Soil ammonium-N concentrations at DTC on Nov 11, 2014 as affected by a 
treatment * depth interaction.  Different lowercase letters indicate significantly different 
depths within each treatment at P≤ 0.05.  Different uppercase letters indicate significantly 



























































































Figure 4.2 Soil nitrate-N concentrations at SEPAC on Nov 10, as affected by a treatment 
* depth interaction.  Different lowercase letters indicate significantly different depths 
within each treatment at P≤ 0.05.  Different uppercase letters indicate significantly 





























































































4.4 Soil Temperature 
4.4.1 DTC 
 Soil temperature was measured once in the spring at DTC.  There was a 
significant treatment effect on soil temperature at this time (Table 4.9).  The NC-Corn 
treatment and O/R/CC/CR-Corn treatment resulted in significantly higher average soil 
temperatures than other treatments (20.9 °C and 20.2 °C, respectively).  The lowest soil 
temperatures, all not statistically different, were the O/R-Corn, CR-Soybean, O/R/CR-
Soybean, and NC-Soybean treatments (18.9 °C, 18.7 °C, 18.1 °C, and 17.9 °C, 
respectively).  Ordinarily, the no cover plots would be expected to have higher soil 
temperatures than the other plots, with cover crop plots being lower due to surface cover 
and retention of soil water.  In this study, this would include the NC and O/R treatments, 
given that the oats and (nearly all) radish winter-killed.  In some cases, cover crops can 
reduce soil temperatures in spring to the point that cash crop planting is affected more so 
than with no cover (Balkcom et al., 2007).  As will be shown, this was not the case at 
DTC.  The treatments including cereal rye would be expected to have lower soil 
temperatures, as the rye shields the soil surface.  With the O/R/CC/CR-Corn, this 
treatment may have resulted in a slightly higher soil temperature as compared to other 
treatments due to the fact that only cereal rye was present in the spring, and it was planted 
at a lower rate than in the other cereal rye treatments.  It is difficult to explain why the 
NC-Soybean treatment resulted in a comparatively low temperature, given that there was 
no cover present to reduce the impact of sunlight on the soil surface.  However, the 
presence of no-till corn residue from the 2014 corn crop may have helped to shield the 
soil from the sun in this treatment.  Corn residues would have been more substantial in 
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presence than soybean residues which decompose more quickly due to their lower C:N 
ratio.  Secondarily, weed presence should also be considered across all plots, both cover 
and no cover.  There were many weeds present at this location in the spring, so it can be 
speculated that the weed cover helped reduce the impact of sunlight on the plots and 
reduce soil temperatures.  Blanco-Canqui et al. (2011) found that cover crops reduced 
soil temperature relative to no cover plots in early spring by 4°C when measured at the 5 
cm depth.  Teasdale and Mohler (1993) found that cover crop residues lowered spring 
soil temperature relative to no cover, with cereal rye residues reducing soil temperature to 
greater extent than a hairy vetch cover crop. 
4.4.2 NEPAC 
 Soil temperature readings were taken twice in the spring at NEPAC, coinciding 
with the two spring biomass samplings.  On May 1, cover treatment had an effect on soil 
temperature (Table 4.9).  The NC-Corn treatment resulted in a higher soil temperature 
than all treatments except O/R-Corn (14.1 °C and 13.2 °C, respectively).  As explained at 
DTC, the NC-Corn treatment could be expected to have the highest soil temperature, 
because there would be no cover crop present to shield the soil and there would be little 
to no soybean residue left from the 2014 crop, given its low C:N ratio, to aid in residue 
cover.  The three soybean treatments exhibited the lowest soil temperatures in part 
because the no-tillage conditions resulted in corn cover which persisted atop the soil 
surface given its high C:N ratio.  For soil temperature, the combined impact of no-tillage 
and cover crop treatment must be taken into account, with no-tillage contributing to 
lowering spring soil temperature (Karlen, 1990; Halvorson and Reule, 2006; Halvorson et 
al., 2006).  On May 19, cover treatment was also found to affect soil temperature (Table 
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4.9).  The highest soil temperatures came from the O/R/CC/CR-Corn treatment 
(14.43 °C), sharing similarity with the CR-Soybean and O/R-Corn treatments (14.1 °C 
and 14.1 °C, respectively).  It is important to note that at this second temperature 
measurement time the cover crop plots preceding corn had been terminated to prepare for 
corn planting.  Though the residue present in this treatment would not be actively 
growing at this time, it should still have provided some surface cover to reduce soil 
temperature.  The O/R/CC/CR-Corn treatment had produced greater biomass than any 
other treatment at the time of the May 1 sampling prior to its termination, residues which 
would contribute to lowering the soil temperature were still present.  However, in the 
interim between May 1 and May 19, the CR-Soybean and O/R/CR-Soybean treatments 
were allowed to continue to accumulate growth, whereas the O/R/CC/CR-Corn was 
terminated after the May 1 sampling.  Other treatments produced far less biomass which 
likely did not reduce soil temperature, especially following termination of those 
treatments preceding corn.   
4.4.3 SEPAC 
 Soil temperature readings were measured once in the spring at SEPAC, at the 
same time as the second biomass sampling, and once at PSNT sampling time.  On April 
30, cover treatment significantly affected soil temperature (Table 4.9).  The O/R/CC/CR-
Corn, O/R-Corn, NC-Corn, and NC-Soybean resulted in the highest average soil 
temperature reading (15.3, 14.7, 14.7, 14.6 °C, respectively).  The lowest average soil 
temperature readings came from the CR-Soybean and O/R/CR-Soybean treatments.  As 
with previous sites, the 2014 corn residue present in the treatments preceding soybean 
likely aided in reducing soil temperature.  Second, although there was not considerable 
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weed growth, any weeds present may have shaded the soil to varying degrees.  It is 
important to note that at the April 30 sampling, cover crops had been terminated in the 
plots going to corn (including the O/R/CC/CR treatment), so there was no actively 
growing crop in these plots.  However, given that the residues from these covers was 
undisturbed, they should have provided the soil with some protection from the sunlight.  
There was no treatment effect observed on May 21 for soil temperatures measured at 
PSNT sampling time (Table 4.9). 
4.4.4 Alford Farm 
 Soil temperature was measured once in the fall of 2014, once in the spring of 
2015, and once at PSNT sampling time at Alford Farm.  In all instances there was no 
difference observed in soil temperature between plots (Table 4.9).  This is not 
unreasonable, given that the entire field was planted to corn in 2014 and no cover crop 
was planted in the fall of 2014, so there were likely no differences in soil residue cover.     
4.4.5 Brocksmith Farm 
 Brocksmith Farm soil temperature measurements were performed in the fall, 
spring, and at PSNT sampling time.  None of these measurements indicated a significant 
treatment effect on soil temperature (Table 4.9).  One possible explanation for the lack of 
temperature differences across covers, particularly for the spring readings, could be the 
abundant weed growth that was noted in both no cover and cover treatment plots.  This 
growth likely provided similar shading in no cover plots as the cover crop in the 
O/CC/R/RS plots and therefore confounded results.   
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4.4.6 DeSutter Farm 
Temperature readings were taken at DeSutter Farm once in the spring and once at 
PSNT sampling time.  Also, a neighboring site, named DeSutter Neighbor, which was 
conventionally tilled with no cover crop was used as a comparison for this site.  Both in 
spring and at PSNT, no significant difference was found in soil temperature across 
treatments at DeSutter (Table 4.9).  This is to be expected, given that the entire field was 
planted in wheat in 2015.  When compared to the neighboring field using a t-test, soil 
temperatures at the DeSutter site were significantly lower than the soil temperatures at 
the DeSutter Neighbor site.  This is to be expected, given that at both spring and PSNT 
time, the wheat cover was substantial at DeSutter, readily shading the soil, along with the 
previously discussed findings from literature that no-tillage lowers soil temperature 
relative to tillage.  In contrast, the DeSutter neighbor had exposed soil in the spring, 
which was not tilled prior to soybean planting but lacked residue cover anywhere near 
what the wheat provided at DeSutter.   
4.4.7 Rulon Farm 
 Soil temperature was measured at Rulon Farm once in the spring and once at 
PSNT sampling time.  In both times, soil temperature was not significantly affected by 
cover crop treatment (Table 4.9).  Weeds were not abundant in spring at this site.  No 
significant differences were found in biomass cover between the AR and CR treatments, 
although the NC and O/R treatments were not sampled due to lack of biomass growth.  
Results indicating lack of cover crop effect on soil temperature agree with the findings of 
Dabney et al. (2001).   
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 Considering all locations, in most instances cover crop treatments did not affect 
soil temperature.  When temperatures were affected, cover crops tended to produce 
results that were contradictory among the sites.  Given that the temperatures obtained 
were point measurements, many soil, crop, and environmental factors could have 




Table 4.9 Soil temperature as affected by cover crop treatment.  LSMeans are reported.   


















































NC-Corn = no cover crop preceding corn; O/R-Corn = oat/radish mix before corn; 
O/R/CC/CR-Corn = oat/radish/crimson clover/cereal rye mix preceding corn; CR-
Soybean = cereal rye preceding soybean; NC-Soybean = no cover crop preceding 
soybean; O/R/CR-Soybean = oat/radish/cereal rye mix before soybean; NC-W/CC = no 
cover in 2015, 2014 in wheat/crimson clover; NC-CR/CC = no cover in 2015, 2014 in 
cereal rye/crimson clover; NC= no cover; O/CC/R/RS = oat/crimson 
clover/radish/rapeseed; W-NT = 2015 wheat, 2014 no till only; W-NT/CR = 2015 wheat, 
2014 no till with cereal rye, CONV = DeSutter Neighbor, conventional tillage treatment 
only; AR = annual ryegrass, CR = cereal rye, and O/R = an oat and radish mix.   
*The DeSutter Neighbor was compared to each of the DeSutter treatments by a t-test and 
was significantly different. 
±Values without a letter with the same site and sampling date did not statistically differ at 
P≤ 0.05. 
‡Values reported with the same site and sampling date that contain the same lower case 
letter are not statistically different at the P≤ 0.05. 
Date Location Treatment Soil Temperature (°C) 
11 Dec 2014 Alford 
NC-W/CC 2.0 
NC-CR/CC 2.0 
6 May 2015 Alford 
NC-W/CC 17.6 
NC-CR/CC 17.5 
23 Jun 2015 Alford 
NC-W/CC 23.2 
NC-CR/CC 23.2 
10 Nov 2014 Brocksmith 
NC 10.0 
O/CC/R/RS 10.9 
10 Apr 2015 Brocksmith 
NC 14.8 
O/CC/R/RS 14.6 
10 Jun 2015 Brocksmith 
NC 21.6 
O/CC/R/RS 22.1 



















Table 4.9.  Continued. 
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4.5 Soil Moisture 
4.5.1 DTC 
 Soil moisture was sampled at two depths, 0-10 cm and 10-20 cm once at DTC on 
May 6.  On this date, no significant treatment effect was observed (Table 4.10).  No 
treatment * depth effect was observed at this time.  A depth effect was present, with soil 
moisture higher at 0-10 cm (0.226 g g-1) than at 10-20 cm (0.209 g g-1) (Table 4.11).  The 
only precipitation event in the week preceding this sampling was 0.97 cm of rain which 
occurred the day before sampling.  As a result, the top depth may have resulted in higher 
moisture simply because it had just received rain and this moisture may not have had 
time to percolate to lower depths.  It was surprising that a treatment effect was not 
observed, given that treatments planted in cover crops were expected to result in lower 
soil moisture than treatments with no cover, as growing cover crops deplete the soil of 
moisture (Unger and Vigil, 1998).  In particular, the cereal rye, which was still actively 
growing at this sampling date, was expected to produce lower soil moisture as the rye 
transpires in these treatments.  However, limited cover crop biomass was produced at this 
time, leading to less impact as compared to what would ordinarily be expected.  De Bruin 
et al. (2005) found soil moisture decreased with a rye cover crop as compared to no 
cover, although researchers cited it being a dry summer.  In contrast, conditions at DTC 
were wet given abundant spring precipitation, which may have minimized any effect of 
rye reducing soil moisture.  Furthermore, the weed presence contributed to plot shading, 
reducing soil temperature, decreasing evaporation, and contributing to soil moisture.  
With the substantial weed biomass sampled in the spring at DTC in the NC-Soybean 
treatment (295 kg ha-1), for example, as compared to the CR-Soybean treatment (271 kg 
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ha-1), for example, the no cover plots received similar impacts on soil moisture from the 
weeds as the cover plots did from the cereal rye.   
4.5.2 NEPAC 
 NEPAC was sampled for soil moisture on two dates in the spring, May 1 and May 
19.  No significant effects of treatment, depth, or treatment * depth were observed on 
either sampling date (Table 4.10, Table 4.11).  For reasons described above for DTC, 
these results were similarly unexpected.  There were no precipitation events the week 
prior to May 1 with the exception of 0.864 cm of rain falling on April 26, and there was 
one precipitation event in the week prior to May 19, with 0.914 cm of rain falling on May 
16.  Given that the event was three days prior to sampling, it is unlikely soil moisture was 
affected by precipitation at these sampling times.  As point measurements, the soil 
moisture readings are highly impacted by rain events and thus may not present a 
complete portrayal of cover crop impact on soil water dynamics.  Furthermore, soil 
moisture within treatment plots could vary to some extent due to earthworm activity, with 
middens being sites of higher moisture than other spots in each plot (Teasdale and 
Mohler, 1993). 
4.5.3 SEPAC 
 Soil moisture was sampled twice at SEPAC, on April 30 and May 21.  No 
treatment * depth interaction was observed on either sampling date.  On these dates, no 
significant treatment effect was observed (Table 4.10).  A depth effect was present on 
both sampling dates.  On April 30, soil moisture was higher at 0-10 cm (0.247 g g-1) than 
at 10-20 cm (0.231 g g-1) (Table 4.11).  On May 21, soil moisture was also higher at 0-10 
cm (0.249 g g-1) than at 10-20 cm (0.228 g g-1) (Table 4.11).  On April 26 there was 0.99 
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cm of rainfall.  On May 16, 2.31 cm of rain fell, and 1.57 cm of rain fell on May 17.  
Given that rain had recently fallen prior to both sampling dates but to greater extent on 
May 21, the upper 0-10 cm depth range may have possessed higher soil moisture than the 
lower 10-20 cm depth range, because the water had not yet redistributed to deeper depths.  
According to the results of Vaughan and Evanylo (1998), soil moisture was higher 
following cover crops that were terminated just before corn planting as opposed to those 
terminated three weeks prior to corn planting in a year of their study with a very wet 
spring.  In contrast, the researchers found that in a dry spring year, the late-terminated 
cover crop plots resulted in lower soil moisture than the early-terminated plots, due to 
greater transpiration in the late-terminated cover crop (Vaughan and Evanylo, 1998).  
Wagner-Riddle et al. (1994) found that killing a rye crop late prior to soybean reduced 
soil moisture one year and increased it in another, although moisture stress only impacted 
the soybean crop in its early stages and did not affect yield.  Similar results to the wet 
spring year could have be expected at SEPAC on May 21 for the cover crops terminated 
prior to soybean as compared to the cover crops terminated prior to corn, however 
significant results were not seen.   
4.5.4 Alford Farm 
 Soil moisture was sampled once in the fall and once in spring at Alford; however, 
a Kelway Soil Tester was used to take the soil moisture readings at one depth.  This 
device reported soil moisture as a percent of field capacity of the soil.  Given lack of 
information and ability to compare results reliably, these soil moisture values are reported 
but were not included in the statistical analysis (Table 4.10).   
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4.5.5 Brocksmith Farm 
 Brocksmith was sampled three times for soil moisture: once in the fall, once in the 
spring, and once at PSNT sampling time.  At each of these samplings, no treatment effect 
or treatment * depth effect was observed (Table 4.10).  A depth effect was observed on 
all sampling dates, similar among sampling dates and similar to the trend displayed 
above, with the upper 0-10 cm resulting in higher soil moisture than the 10-20 cm (Table 
4.11).  Brocksmith received 1.22 cm of precipitation on November 5, prior to the 
November 10 sampling.  The site received 0.61 cm, 0.79 cm, and 0.22 cm in the three 
days preceding the April 10 sampling.  The site received 3.58 cm the day on June 9.  
These precipitation events may have affected the soil moisture of the 0-10 cm depth 
sampled as compared to the 10-20 cm depth, for reasons described above. 
4.5.6 DeSutter Farm 
 DeSutter was sampled on May 18 and June 2, as was the DeSutter Neighbor site.  
Similar to previously described sites, no treatment effect (Table 4.10) or treatment * 
depth interaction was apparent on either sampling date, but a depth effect was found at 
DeSutter on both sampling dates (Table 4.11).  On both dates, the 0-10 cm depth resulted 
in higher soil moisture than the 10-20 cm depth.  This can be explained in part by the 
abundant wheat shading the plots on these dates and likely preventing evaporation of soil 
moisture.  However, it is likely that the wheat roots extended into both the 0-10 cm depth 
and 10-20 cm depth ranges and should have reduced soil moisture at both depths.  In the 
week prior to the May 18 sampling, DeSutter received 1.02 cm of rainfall two days prior 
to sampling, and on May 31, prior to the June 2 sampling, 2.95 cm of rainfall occurred at 
DeSutter.  Both precipitation events may have impacted the difference observed between 
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the 0-10 cm and 10-20 cm depths at DeSutter, for reasons described earlier.  No 
significant depth effect was found for the DeSutter Neighbor on May 18 or June 2.   
When DeSutter and DeSutter Neighbor treatments were compared at each depth, 
no significant differences were found on May 18, but on June 2 the wheat treatment 
previously under no-tillage only resulted in higher soil moisture at the 0-10 cm depth than 
the conventional treatment (0.305 g g-1 and 0.281g g-1, respectively) (Table 4.12).  The 
no-tillage wheat following no-tillage plus cereal rye treatment was not significantly 
different from the DeSutter Neighbor treatment at 0-10 cm.  Peterson et al. (1996) found 
that a no-tillage wheat system increased water use efficiency when compared to a 
conventionally tilled wheat system.  Given the abundant wheat crop at DeSutter, as 
compared to the newly-emerging (on May 18) and young (on June 2) soybean crop at the 
DeSutter Neighbor, the two sites should have resulted in different soil moisture due to 
cover alone, with the DeSutter wheat treatment inducing lower soil moisture than the 
Neighbor soybean treatment.  However, given that the DeSutter neighbor site was not 
tilled prior to the 2015 soybean crop, the comparison between fields (i.e. no-tillage to 
conventional tillage) would not be expected to result in as dramatic differences as in a 
year in which the Neighbor tilled prior to the cash crop.  Given the 2015 crop 
management at both sites, at the 0-10 cm depth, both DeSutter treatments could be 
expected to contain lower soil moisture than DeSutter Neighbor treatment, given the 
impact of the wheat crop on soil moisture as described above.  For the 0-10 cm depth, the 
wheat crop may have increased soil moisture relative to the conventional tillage treatment 
by shading the soil, effectively reducing soil temperature, as indicated in Table 4.9.  
Lower soil temperature may have reduced the degree to which evaporation was 
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occurring, and this would have resulted in lowering soil moisture if the evaporation was 
reduced to a greater extent than transpiration was occurring.  At the 10-20 cm depth, the 
wheat treatments would again be expected to result in lower soil moisture, given root 
uptake of soil water.  
4.5.7 Rulon Farm 
 Rulon was sampled for soil moisture once in the fall, once in spring, and once at 
PSNT sampling time.  In the fall and spring, there was a depth effect observed that 
followed the trend which has been common throughout this section (0-10 cm depth 
resulting in higher soil moisture than the 10-20 cm depth) (Table 4.11).  A treatment 
effect was not observed at any sampling (Table 4.10), however there was a treatment * 
depth effect observed at the spring sampling on April 28 (Figure 4.3).  The AR treatment 
resulted in higher soil moisture at 0-10 cm than at 10-20 cm, as did the O/R treatment.  
All other treatments did not differ by depth, and no differences across treatments were 
noted.  There were no significant results obtained at the PSNT sampling time for Rulon 
Farm (Table 4.10, Table 4.11).   
 In summary, across all sites, no effect of cover crop treatment was found on soil 
moisture.  A depth effect was observed at many locations and sampling times, with the 
top 0-10 cm consistently resulting in higher soil moisture than the 10-20 cm depth.  As 
point measurements, like soil temperature, soil moisture results were impacted by 




Table 4.10 Soil moisture as affected by cover crop treatment, averaged over depth.  
LSMeans are reported.   

















































Table 4.10.  Continued. 
Date Location Treatment Soil Moisture Content (g g-1) 
11 Dec 2014 Alford 
NC-W/CC 55.7%# 
NC-CR/CC 52.0%# 
6 May 2015 Alford 
NC-W/CC 65.0%# 
NC-CR/CC 68.1%# 
10 Nov 2014 Brocksmith 
NC 0.270 
O/CC/R/RS 0.260 
10 Apr 2015 Brocksmith 
NC 0.263 
O/CC/R/RS 0.260 
10 Jun 2015 Brocksmith 
NC 0.258 
O/CC/R/RS 0.250 
18 May 2015 DeSutter 
W-NT 0.274 
W-NT/CR 0.254 
2 Jun 2015 DeSutter 
W-NT 0.266 
W-NT/CR 0.248 
18 May 2015 DeSutter Neighbor CONV 0.259† 
2 Jun 2015 DeSutter Neighbor CONV 0.264† 















NC-Corn = no cover crop preceding corn; O/R-Corn = oat/radish mix before corn; 
O/R/CC/CR-Corn = oat/radish/crimson clover/cereal rye mix preceding corn; CR-
Soybean = cereal rye preceding soybean; NC-Soybean = no cover crop preceding 
soybean; O/R/CR-Soybean = oat/radish/cereal rye mix before soybean; NC-W/CC = no 
cover in 2015, 2014 in wheat/crimson clover; NC-CR/CC = no cover in 2015, 2014 in 
cereal rye/crimson clover; NC= no cover; O/CC/R/RS = oat/crimson 
clover/radish/rapeseed; W-NT = 2015 wheat, 2014 no till only; W-NT/CR = 2015 wheat, 
2014 no till with cereal rye; AR = annual ryegrass, CR = cereal rye, and O/R = oat/radish.   
†DeSutter Neighbor not run under statistical analysis, as there was only one treatment.   
#Alford results were obtained using a Kelway Soil Tester as % field capacity.  Statistical 
analysis was not performed on these values.   




Table 4.11 Soil moisture as affected by depth, averaged over cover crop treatments.  
LSMeans are reported.   
Date Location 
Depth            
(cm) 




























































































Table 4.11 Continued. 
NC-Corn = no cover crop preceding corn; O/R-Corn = oat/radish mix before corn; 
O/R/CC/CR-Corn = oat/radish/crimson clover/cereal rye mix preceding corn; CR- 
Soybean = cereal rye preceding soybean; NC-Soybean = no cover crop preceding 
soybean; O/R/CR-Soybean = oat/radish/cereal rye mix before soybean; NC-W/CC = no 
cover in 2015, 2014 planted in wheat/crimson clover mix; NC-CR/CC = no cover in 
2015, 2014 planted in cereal rye/crimson clover mix; NC= no cover; O/CC/R/RS = a 
four-way mix of oat, crimson clover, radish, and rapeseed; W-NT = 2015 wheat, 2014 no 
till only; W-NT/CR = 2015 wheat, 2014 no till with cereal rye; AR = annual ryegrass, CR 
= cereal rye, and O/R = an oat and radish mix.   
*Alford results were obtained using a Kelway Soil Tester at one depth and were reported 
as percent of field capacity.  Statistical analysis was not performed on these values.   
±Values without a letter with the same site and sampling date did not statistically differ at 
P≤ 0.05. 
‡Values reported with the same site and sampling date that contain the same lower case 




Table 4.12 Soil moisture t-test comparison between DeSutter and DeSutter Neighbor 










D: W-NT/CR 0.279 




D: W-NT/CR 0.223 












DN: CONV 0.248a 
D: W-NT = DeSutter, with 2015 treatment of wheat, 2014 treatment of no till only; DN: 
CONV = DeSutter Neighbor, conventional tillage treatment only; D: W-NT/CR = 
DeSutter, with 2015 treatment of wheat, 2014 treatment of no till and cereal rye. 
±Values without a letter with the same site and sampling date did not statistically differ at 
P≤ 0.05. 
‡Values reported with the same site and sampling date that contain the same lower case 




Figure 4.3 Soil moisture at Rulon on April 28, 2015 as affected by a treatment * depth 
interaction.  Different lowercase letters indicate significantly different depths within each 
treatment at P≤ 0.05.  Different uppercase letters indicate significantly different 

















































4.6 Soil Fertility 
 There were no significant differences in any measured aspect of soil fertility 
across treatments at NEPAC, Brocksmith Farm, DeSutter Farm, or Rulon Farm.  There 
were no differences in most aspects at DTC, SEPAC, and Alford, with exception to the 
following results (Table 4.13, Table 4.14).  At DTC, soil pH was higher for the NC-
Soybean treatment (6.2) in comparison to other treatments, sharing statistical similarity 
with O/R-Corn (6.0) and CR-Soybean (6.0), and the O/R/CC/CR-Corn, O/R/CR-
Soybean, and NC-Corn treatments resulting in the lowest soil pH (5.9, 5.8, and 5.7, 
respectively).  The DTC soil P levels tended to be below the critical level.  At SEPAC, 
soil pH was highest for the NC-Corn treatment (6.2) sharing statistical similarity to the 
O/R/CR-Soybean (6.1), and NC-Soybean (5.9), with O/R-Corn resulting in the lowest 
soil pH (5.6).  At Alford, the average P concentration was higher for the no cover plots 
that had previously been in wheat and crimson clover (13.5 mg kg-1) as opposed to the no 
cover plots previously in crimson clover and cereal rye (9.5 mg kg-1).  Both of these 
concentrations are below the critical levels, however.  Soil organic matter was not 
increased for cover crop treatments relative to no cover, which is in contrast to previous 
findings by Villamil et al. (2006).  Beale et al. (1955) reported an increase in soil organic 
matter under hairy vetch and rye with reduced tillage as compared to cover crops under 
conventional tillage but this difference was noted after ten years of this management.  In 
years with poor cover crop establishment or stands, it is not unusual to see a lack of 
difference with cover crop treatment on soil organic matter, because in total the cover 
crop contribution to system biomass is small when cash crop is considered (Blanco-
Canqui et al., 2011).   
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*Reported values in parentheses are the standard deviation for each reported mean.   
 



























































































4.7 Soil Aggregate Stability 
4.7.1 General Results and Trends in Aggregate Stability 
No significant differences in aggregate stability, as measured by mean weight 
diameter (MWD), were found across treatments at NEPAC, SEPAC, Alford, Brocksmith, 
DeSutter, or Rulon Farms (Table 4.15).  This result contrasts with previous research that 
found increased aggregate stability with cover crops as compared to no cover (Haynes et 
al., 1991; Haynes and Francis, 1993; Villamil et al., 2006; Blanco-Canqui et al., 2011).  
However, it is important to note that at these sites cover crops have only been utilized in 
the past two to three seasons.  Results from Raimbault et al. (1990) support this, as no 
differences in aggregate stability were observed after three years of a winter rye cover 
crop.  Sainju et al. (2003) also found no cover crop effect on soil aggregate stability.  
Cover crops in this study may require additional time to affect changes in the aggregate 
stability of the soil in their respective plots.   
4.7.2 DTC 
 At DTC a significant difference in aggregate stability, as measured by mean 
weight diameter (MWD), was found among the cover treatments (Table 4.15).  The O/R-
Corn had the highest MWD (3.3 mm) sharing statistical similarity to the O/R/CC/CR-
Corn and NC-Soybean treatments, and the CR-Soybean and NC-Corn had lower MWD 
values, at 2.3 mm and 2.1 mm, respectively, sharing statistical similarity with the NC-
Soybean and O/R/CR-Soybean treatments. The NC-Corn result was reasonably expected, 
given the lack of cover crop growth and root proliferation which would have aided in 
building soil structure.  However, the CR treatments would have been expected to have 
higher MWD than the O/R treatment, particularly given that the cereal rye experienced 
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fall and spring growth where the O/R treatment winter-killed.  Trends one might expect 
cannot be reasonably assumed for this site given lack of cover crop growth as expected, 
particularly in the three- and four-way mixes.  At the May 6 sampling, however, DTC 
biomass was much higher in the CR-Soybean treatment than in the O/R-Corn treatment, 
which would support the CR treatment resulting in higher aggregate stability than the 
O/R-Corn treatment, but this reasoning is confounded once it is considered that on May 6 
the no cover treatments also resulted in more biomass than was expected.  These 
confounding results suggest that, as stated above, cover crop treatments may require more 
than two or three seasons to affect changes in the aggregate stability.   
4.7.3 DeSutter Farm and Conventional Neighbor Comparison 
 At DeSutter, there was no significant difference between the wheat plots 
previously in no-till only and those wheat plots previously planted to cereal rye (Table 
4.15).  This result is reasonable, given that the entire field was planted to wheat in 2014, 
and the fibrous root systems of the wheat likely created similar soil structure benefit 
across the plot area.  When the DeSutter location was compared to the DeSutter 
Neighbor, however, there was a significant difference between the two locations.  
DeSutter resulted in a MWD of 2.4 mm for the wheat, previously no-till only plots and a 
MWD of 2.1 mm for the wheat, previously no-till/cereal rye plots, which were both 
significantly higher than the MWD of 1.2 mm found for the DeSutter Neighbor. The 
DeSutter Neighbor site was conventionally tilled every other year in comparison to the 
DeSutter site which remained no-tillage for decades.  As a result, although the 
neighboring site was not tilled prior to soybean planting in 2015, the impact of regular 
tillage upon soil structure is clear.  Long-term no-tillage, in contrast, has provided 
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enhanced structure to the DeSutter soil.  In a shorter-term no-tillage system, Wright et al. 
(1999) similarly found that aggregate stability was increased in a no-tillage system as 
compared to a conventionally tilled system after two to three years of no-tillage, with 
increases in aggregate stability occurring each year.    
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Table 4.15 Soil aggregate stability, reported as aggregate mean weight diameter (MWD) 
as affected by cover crop treatment. 
Date Location Treatment 



















































Table 4.15. Continued 
NC-Corn = no cover crop preceding corn; O/R-Corn = oat/radish mix before corn; 
O/R/CC/CR-Corn = oat/radish/crimson clover/cereal rye mix preceding corn; CR-
Soybean = cereal rye preceding soybean; NC-Soybean = no cover crop preceding 
soybean; O/R/CR-Soybean = oat/radish/cereal rye mix preceding soybean; NC = no 
cover; O/CC/R/RS = a four-way oat/crimson clover/radish/rapeseed mixture; W-NT = 
fall 2014 cover treatment of wheat, with a fall 2013 cover treatment of no-till only; W-
NT/CR = fall 2014 cover treatment of wheat, with a fall 2013 cover treatment of no-till 
and cereal rye; CONV = conventional tillage only; AR = annual ryegrass; CR = cereal 
rye; NC = no cover; O/R = oat/radish mix.  
±Values without a letter with the same site and sampling date did not statistically differ at 
P≤ 0.05. 
*The DeSutter Neighbor was compared to each of the DeSutter treatments by a t-test and 
was significantly different at P≤ 0.05. 
‡Values reported with the same site and sampling date that contain the same lower case 
letter are not statistically different at the P≤ 0.05. 
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4.8 Soil Penetration Resistance  
4.8.1 DTC 
 Soil penetration resistance was not measured at the DTC site, given heavy foot 
traffic that had occurred across the previous seasons at this site.   
4.8.2 NEPAC 
 At NEPAC, no significant effect of treatment was observed for soil penetration 
resistance within the measured depths (Figure 4.4).  Similar results were found by 
Blanco-Canqui et al. (2011).  However, other previous research suggests that soil 
penetration resistance would differ between the cover and no cover treatments.  In 
particular, cover crops such as the fibrous-rooted cereal rye and deep-rooting, tuberous 
radish were expected to aid in lowering soil penetration resistance in comparison to the 
no cover controls.  Villamil et al. (2006) found that all cover crop treatments, including 
hairy vetch, rye, and vetch plus rye, decreased penetration resistance at the soil surface 
relative to no cover corn and soybean.  It is likely that additional cover crop seasons are 
required to allow for significant differences in penetration resistance as the benefits of 
these crops are given time to amplify in their soil enhancing effects.   In 2013, Alford 
(2015) observed significant treatment effects within the top 22.5 cm of the soil profile at 
NEPAC.  In this case, results were more in line with the expectations described above, 
with the treatments including cereal rye before soybean resulting in the lowest soil 
penetration resistance.  These effects should have been evident at the time of sampling in 
2015.  Soil conditions may have differed from 2013 to 2015, in that weather and time of 
sampling may have played a role in penetration resistance on either date.  Sampling date 




 At SEPAC, soil penetration resistance differed with cover crop treatment at 2.5, 
5.0, 7.5, 10.0, 12.5, 15.0, 17.5, 20.0, 22.5, and 25.0 cm (Figure 4.5).  At 2.5 cm, the NC-
Corn, O/R-Corn, and NC-Soybean exhibited higher soil penetration resistance relative to 
other treatments (1210 kPa, 1095 kPa, and 1038 kPa, respectively).  This trend, with 
these three treatments resulting in the highest resistance, continued for the most part 
throughout the profile down to 25.0 cm.  The no cover treatments derive no benefit of 
biological tillage and fibrous root penetration associated with a growing cover crop.  In 
the case of the O/R treatment, given that both cover treatments winter-killed, the oat and 
radish crops had only a month or so to impact the surrounding soil before being 
terminated.  As a result, the treatment exhibited similar results to the no cover treatment.  
Lowest soil penetration values throughout the significant depths listed above tended to 
consistently appear in the CR-Soybean treatment.  Cereal rye, which grew in this 
treatment both in the fall and spring, sent roots throughout the soil profile, working to 
break up soil compaction and enhance soil organic matter.  This treatment was also 
allowed two additional weeks of growth, which likely contributed to additional root 
biomass.  In addition, the 2014 corn crop which preceded the rye in these plots also 
supplied roots that may have aided in breaking soil compaction in this treatment.  Similar 
effect of the 2014 corn crop should have been present in the O/R/CR-Soybean and NC-
Soybean treatments.  These results agree with the findings of Villamil et al. (2006) in that 
cover crop plots tended to be lower in penetration resistance than no cover plots, however 
Villamil et al. (2006) found that including rye in a mixture with vetch produced lower 
penetration resistance than vetch or rye alone.   
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 Similar results were found by Alford (2015) in 2014.  Significant treatment 
effects were found at most depths down to 25.0 cm, with the CR-Soybean among the 
treatments with lowest penetration resistance (Alford, 2015).  A cash crop treatment 
effect was observed in 2014, where the plots planted after the 2013 corn crop resulted in 
lower soil penetration resistance than the treatments planted after the 2013 soybean crop 
(Alford, 2015).  This cash crop effect was not observed in 2015 to the extent it appeared 
in 2014.  However, cash crop rooting must be factored in to results, with corn roots 
providing greater impacts on reducing penetration resistance than soybean roots.   
4.8.4 Alford Farm and DeSutter Farm 
 Soil penetration resistance was not measured in 2015 at the Alford or DeSutter 
field sites due to lack of cover crop at Alford and wheat planted throughout at DeSutter.   
4.8.5 Brocksmith Farm 
 At Brocksmith, only the 60.0 cm depth resulted in significant treatment effect 
between treatments (Figure 4.6).  The no cover treatment exhibited penetration resistance 
of 2070 kPa as compared to the O/CC/R/RS treatment penetration resistance of 1737 kPa.  
In the O/CC/R/RS treatment, the radish tap root may have penetrated deep into the soil 
profile, but this should have resulted in other observable differences in the penetration 
resistance of upper depths.  Some of the deeper soil penetration can in part be attributed 
to the fall 2013 cover crop mix of radish, crimson clover, and cereal rye.  The 2013 cereal 
rye treatment in particular, with its fibrous root system, likely aided in building soil 
structure; the radish, which was included in both the 2013 and 2014 cover crop 
treatments, may have helped to alleviate deeper soil compaction over the seasons.  It is 
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unknown why no other depths resulted in significant treatment differences at this 
location.   
4.8.6 Rulon Farm 
 At Rulon Farm, no treatment effect on soil penetration resistance was found 
within the various depths measured (Figure 4.7).  This result is surprising, given that 
there should have at least been some differences observed between the no cover treatment 
and grasses such as the annual ryegrass or cereal rye.  Given that this is only the second 
year in which these cover crop treatments have been planted, additional seasons allowing 
for the build-up of soil enhancing benefits will likely result in greater differences in 




Figure 4.4 NEPAC soil penetration resistance measurements as affected by treatment 
across depth.  NC-Corn = no cover preceding corn; O/R-Corn = oat/radish mix preceding 
corn; O/R/CC/CR-Corn = four-way oat/radish/crimson clover/cereal rye mix preceding 
corn; NC-Soybean = no cover before soybean; CR-Soybean = cereal rye preceding 
soybean; O/R/CR-Soybean = three-way oat/radish/cereal rye mix before soybean.  There 





Figure 4.5 SEPAC soil penetration resistance measurements as affected by treatment 
across depth.  NC-Corn = no cover preceding corn; O/R-Corn = oat/radish mix preceding 
corn; O/R/CC/CR-Corn = four-way oat/radish/crimson clover/cereal rye mix preceding 
corn; NC-Soybean = no cover before soybean; CR-Soybean = cereal rye preceding 
soybean; O/R/CR-Soybean = three-way oat/radish/cereal rye mix before soybean.  Values 
reported with the same site, depth, and sampling date that contain the same lower case 





Figure 4.6 Brocksmith soil penetration resistance measurements as affected by treatment 
across depth.  NC = no cover; O/CC/R/RS = a four-way mixture of oat/crimson 
clover/radish/rapeseed.  Values reported with the same site, depth, and sampling date that 
























Figure 4.7 Rulon soil penetration resistance measurements as affected by treatment across 
depth.  NC = no cover; O/R = oat/radish mix; CR = cereal rye; AR = annual ryegrass.  




4.8.7 Penetrometer Soil Moisture 
 Given that soil penetration resistance can fluctuate with soil moisture, soil 
moisture samples were also taken along with penetrometer readings at NEPAC, SEPAC, 
Brocksmith, and Rulon.  No significant treatment effects on soil moisture were found at 
any depth measured at any location (Table 4.16).  As a result, it can reasonably be 
assumed that soil penetration resistance measurements were not significantly affected by 
the soil moisture at these locations. 
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Table 4.16 Soil moisture as affected by cover crop treatment within depth for the sites 
upon which penetration resistance was measured.  There were no significant treatment 
effects within depth at the P ≤ 0.05 level. 
Date Location Treatment Soil Moisture Content (g g-1) 




NC-Corn 0.214± 0.202 0.229 0.216 
O/R-Corn 0.220 0.217 0.230 0.214 
O/R/CC/CR-Corn 0.207 0.209 0.224 0.235 
NC-Soybean 0.230 0.218 0.228 0.234 
CR-Soybean 0.234 0.215 0.264 0.260 




NC-Corn 0.231 0.232 0.234 0.238 
O/R-Corn 0.221 0.212 0.218 0.226 
O/R/CC/CR-Corn 0.191 0.222 0.212 0.238 
NC-Soybean 0.212 0.218 0.231 0.222 
CR-Soybean 0.217 0.214 0.216 0.229 




NC 0.261 0.217 0.242 0.273 




NC 0.220 0.211 0.255 0.208 
AR 0.225 0.216 0.245 0.243 
CR 0.223 0.221 0.226 0.254 
O/R 0.217 0.208 0.208 0.223 
For NEPAC and SEPAC, NC-Corn = no cover crop preceding corn; O/R-Corn = 
oat/radish mix before corn; O/R/CC/CR-Corn = oat/radish/crimson clover/cereal rye mix 
preceding corn; CR-Soybean = cereal rye preceding soybean; NC-Soybean = no cover 
crop preceding soybean; O/R/CR-Soybean = oat/radish/cereal rye mix preceding 
soybean. For Brocksmith, NC = no cover; O/CC/R/RS = a four-way oat/crimson 
clover/radish/rapeseed mixture.  At Rulon, AR = annual ryegrass; CR = cereal rye; NC = 
no cover; O/R = oat/radish mix.   





4.9 Soil Bulk Density 
4.9.1 DTC 
 Bulk density was not measured in 2015 for the DTC location given that heavy 
foot traffic that had occurred across the previous seasons at this site.  
4.9.2 NEPAC 
 Bulk density cores were taken from 0-10 cm and 10-20 cm depths.  Only plots 
planted in corn were sampled.  Due to a rainfall event interrupting the first sampling, 
plots in blocks 1 and 2 were sampled 41 days earlier than blocks 3 and 4, and the two 
dates were analyzed separately as a result.  No treatment effect, depth effect, or treatment 
* depth interaction was evident for the first sampling on June 12 for blocks 1 and 2.  On 
the second sampling, a treatment effect was observed for blocks 3 and 4, with the NC-
Corn and O/R/CC/CR-Corn (1.59 g cm-3 and 1.56 g cm-3, respectively) resulting in higher 
bulk density than the O/R-Corn (1.49 g cm-3) (Table 4.17).  The O/R-Corn treatment may 
have had a lower bulk density due to the cumulative effect of the current and prior cover 
crops in these treatment plots.  More specifically, the O/R treatment rotated from a prior 
cereal rye treatment (CR-Soybean) in 2013 and an O/R treatment in 2012.  Over time, the 
fibrous roots of the cereal rye, paired with the thick tubers of the radish in rotation, may 
have helped break up soil compaction and provide organic matter to the soil.  At the 
second sampling, a depth effect was also observed (Table 4.18), with the 10-20 cm depth 
resulting in higher bulk density than the upper 0-10 cm (1.58 g cm-3 and 1.51 g cm-3, 
respectively.  Blanco-Canqui et al. (2011) reported a reduction in near-surface bulk 
density following cover crops relative to a no cover crop treatment.  Patrick et al. (1957) 
also reported a decrease in bulk density following a hairy vetch cover crop in a cotton 
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system as compared to no cover cotton.  Duiker and Curran (2005) reported lower soil 
bulk density in the 0-10 cm range with rye as compared to no cover.  In contrast, Raper et 
al. (2000) reported no decrease in bulk density following rye as compared to no cover.  
Raimbault et al. (1990) also did not find differences in bulk density between rye cover 
crop treatment and no cover, even after three years.   
 Given that Alford (2015) found no significant effects occurring in 2013 or 2014 
for bulk density, it is not surprising that a treatment effect was not yet evident as of 2015.  
Bulk density changes result very gradually, but as shown in the results above, a depth 
effect, which may be characteristic of the soil in general, was observed.  In general 
treatments with cover crops would be expected to have a lower bulk density than the 
treatments with no cover crops, given the increased organic matter inputs in the cover 
treatments as well as some secondary biological tillage (Kladivko, 1994).  Furthermore, 
the 0-10 cm depth would be expected to have a lower bulk density than the 10-20 cm 
depth, in general, as the top depth range is more directly exposed to organic matter inputs 
from both cover crop and cash crop residues than is the deeper depth range (Kladivko, 
1994).  Villamil et al. (2006) found no effect of cover crop treatment on bulk density 
below 10 cm in the soil profile.   
4.9.3 SEPAC 
 No significant treatment, depth, or treatment * depth effects were observed for 
bulk density at SEPAC in 2015 (Table 4.17, Table 4.18).   
4.9.4 Alford Farm 
 Since no cover crops were planted at Alford Farm in the fall of 2014, the site was 
not sampled for bulk density in 2015.   
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4.9.5 DeSutter Farm 
 Bulk density was sampled at both the DeSutter and DeSutter neighbor sites.  At 
DeSutter, no treatment or treatment * depth effects were observed, but a significant depth 
effect was present at the 2015 sampling (Table 4.17, Table 4.18).  The 10-20 cm depth at 
DeSutter had a higher bulk density than the 0-10 cm depth, in line with the other sites 
previously described (Table 4.18).  The DeSutter Neighbor field displayed similar depth 
effect, with the 10-20 cm depth resulting in a significantly higher bulk density than the 0-
10 cm depth (1.48 g cm-3 and 1.37 g cm-3, respectively) (Table 4.18).  Villamil et al. 
(2006) found a similar depth effect, with bulk density increasing with depth for all crop 
treatments in their study.  When the DeSutter and DeSutter Neighbor sites were 
compared to one another, the two sites were not different in their results at either depth 
range (Table 4.19).  As reported by Alford (2015), in 2013 at the 10-20 cm depth the 
DeSutter Neighbor had lower bulk density results than either no tillage treatment at 
DeSutter.  Similarly, in 2014, Alford (2015) reported a lower bulk density for the 
DeSutter Neighbor at the 0-10 cm depth as compared to both no tillage treatments at 
DeSutter.  The results of Alford (2015) were expected given the recent tillage that had 
been performed at the DeSutter Neighbor site.  However, given that no tillage was 
performed prior to the 2015 crop, it would be reasonable not to expect significant 
differences between the two sites other than residual effects from tillage resulting in 
potentially lower soil bulk density than the no-tillage treatments.  Any residual effect of 
tillage lowering bulk density at DeSutter Neighbor may have been similarly achieved, 
however, by the fibrous roots of the 2015 wheat crop at DeSutter.  Shear and Moschler 
(1969) also found no difference in bulk density after six years when a no-tillage treatment 
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was compared to a tillage treatment, leading researchers to speculate that soil compaction 
in those systems did not differ following several years of no-tillage corn.  In contrast, 
Raimbault et al. (1990) found that tilled soils had lower bulk density down to 10 cm 
when compared to no-tillage soils.   
4.9.6 Brocksmith Farm 
 Bulk density was sampled for at Brocksmith Farm in 2015.  No significant 
treatment or treatment * depth effects were found, but a depth effect was observed (Table 
4.17, Table 4.18).  Similar to the sites described above, the lower 10-20 cm depth had a 
higher bulk density (1.49 g cm-3) than the 0-10 cm depth (1.35 g cm-3).  This depth effect 
is generally expected, for reasons described above.   
4.9.7 Rulon Farm 
Rulon Farm was sampled for bulk density in 2015.  In line with the other sites 
described, no significant treatment or treatment * depth effects were found, but a depth 
effect was present (Table 4.17, Table 4.18).  At Rulon the 10-20 cm depth again 
presented higher bulk density (1.53g cm-3) than the 0-10 cm depth (1.45g cm-3).  Again, 
this result is expected given the differing exposure to organic matter for the 0-10 cm and 




Table 4.17. Soil bulk density as affected by depth, averaged over treatment.  LSMeans 
are presented.    
Date Location Depth (cm) 






































*NEPAC was sampled on two dates, as sampling was rained out after the first two blocks 
on June 12.  Blocks 1 and 2, indicated by (1-2) were sampled on June 12, and blocks 3 
and 4 (3-4) were sampled on July 23.  The two dates were statistically analyzed 
separately.    
‡Values reported with the same site and sampling date that contain the same lower case 
letter are not statistically different at the P≤ 0.05. 
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Table 4.18 Soil bulk density as affected by treatment, averaged over depth.  LSMeans are 
presented.   
Date Location Treatment 
Soil Bulk 
























2 Jun 2015 DeSutter 
W-NT 1.39 
W-NT/CR 1.41 









For NEPAC and SEPAC, NC-Corn = no cover crop preceding corn; O/R-Corn = 
oat/radish mix before corn; O/R/CC/CR-Corn = oat/radish/crimson clover/cereal rye mix 
preceding corn; for Brocksmith, NC = no cover; O/CC/R/RS = a four-way oat/crimson 
clover/radish/rapeseed mixture.  For DeSutter, W-NT = fall 2014 cover treatment of 
wheat, with a fall 2013 cover treatment of no-till only; W-NT/CR = fall 2014 cover 
treatment of wheat, with a fall 2013 cover treatment of no-till and cereal rye.  For the 
DeSutter Neighbor, CONV = conventional tillage only.  At Rulon, AR = annual ryegrass; 
CR = cereal rye; NC = no cover; O/R = oat/radish mix.  
*NEPAC was sampled on two dates, as sampling was rained out after the first two blocks 
on June 12.  Blocks 1 and 2, indicated by (1-2) were sampled on June 12, and blocks 3 
and 4 (3-4) were sampled on July 23.  The two dates were statistically analyzed 
separately.    
±Values without a letter with the same site and sampling date did not statistically differ at 
P≤ 0.05. 
†DeSutter Neighbor not run under statistical analysis, as there was only one treatment.  
Mean value reported, averaged over depths.   
‡Values reported with the same site and sampling date that contain the same lower case 
letter are not statistically different at the P≤ 0.05.  
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Table 4.19 Soil bulk density t-test comparison between DeSutter and DeSutter Neighbor 






Density (g cm-3) 










DN: CONV 1.48a 
D: W-NT = DeSutter, with 2015 treatment of wheat, 2014 treatment of no till only; DN: 
CONV = DeSutter Neighbor, conventional tillage treatment only; D: W-NT/CR = 
DeSutter, with 2015 treatment of wheat, 2014 treatment of no till and cereal rye. 





4.10 Soil Total Porosity 
4.10.1 DTC 
 As total porosity was calculated from the bulk density cores sampled at each 
location, and that DTC was not sampled for bulk density, no total porosity results are 
reported for this site.   
4.10.2 NEPAC 
 Given that total porosity was calculated from the bulk density samples taken over 
the two sampling periods mentioned above at NEPAC, results for total porosity directly 
follow those for bulk density in terms of significance.  Thus, a depth effect was observed 
for total porosity at the second sampling, with the lower 10-20 cm having lower total 
porosity than the 0-10 cm depth (0.40 and 0.43, respectively) (Table 4.21).  A treatment 
effect was observed, in line with the bulk density treatment effect, with the NC-Corn and 
O/R/CC/CR-Corn treatments resulting in lower total porosity averages than the O/R-Corn 
treatment (Table 4.20).  Villamil et al. (2006) similarly reported an increase in total 
porosity at the soil surface with cover crops as compared to no cover treatments.   
4.10.3 SEPAC 
 Given that no significant results were found at SEPAC for bulk density in 2015, 
there were thus no significant treatment, depth, or treatment * depth interaction effects on 
total porosity at SEPAC (Table 4.20, Table 4.21).   
4.10.4 Alford Farm 
 Total Porosity was not calculated for Alford given that bulk density was not 




4.10.5 DeSutter Farm 
 Total porosity results follow bulk density results, in that the same depth effect was 
observed, with lower total porosity resulting from the 10-20 cm depth than the 0-10 cm 
depth at both DeSutter and the DeSutter Neighbor (Table 4.21).  Similarly, no significant 
differences were found between DeSutter and the DeSutter Neighbor when the two sites 
were compared, which was expected for reasons described above including the wheat 
crop at DeSutter and absence of tillage in 2015 at DeSutter Neighbor (Table 4.22).   
4.10.6 Brocksmith Farm 
 As previously described, given the bulk density findings for Brocksmith, a similar 
depth effect was observed for total porosity (Table 4.21).  In keeping with the findings of 
other sites, the 10-20 cm depth resulted in lower total porosity than the 0-10 cm depth.   
4.10.7 Rulon Farm 
As described for other locations and in keeping with the Rulon bulk density 
results, the total porosity was lower at the 10-20 cm depth than the 0-10 cm depth in 2015 
(Table 4.21).  
153 
 
Table 4.20 Soil total porosity as affected by depth, averaged over treatment.  LSMeans 
are presented. 





















2 Jun 2015 DeSutter 
0-10 0.49a 
10-20 0.45b 





3 Jun 2015  Rulon 
0-10 0.45a 
10-20 0.42b 
* NEPAC was sampled on two dates, as sampling was rained out after the first two 
blocks on June 12.  Blocks 1 and 2, indicated by (1-2) were sampled on June 12, and 
blocks 3 and 4 (3-4) were sampled on July 23.  The two dates were statistically analyzed 
separately.  
±Values without a letter with the same site and sampling date did not statistically differ at 
P≤ 0.05.   
‡Values reported with the same site and sampling date that contain the same lower case 
letter are not statistically different at the P≤ 0.05. 
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Table 4.21 Soil total porosity as affected by treatment, averaged over depth.  LSMeans 
are presented.   


























2 Jun 2015 DeSutter 
W-NT 0.48 
W-NT/CR 0.47 









For NEPAC and SEPAC, NC-Corn = no cover crop preceding corn; O/R-Corn = 
oat/radish mix before corn; O/R/CC/CR-Corn = oat/radish/crimson clover/cereal rye mix 
preceding corn; for Brocksmith, NC = no cover; O/CC/R/RS = a four-way oat/crimson 
clover/radish/rapeseed mixture.  For DeSutter, W-NT = fall 2014 cover treatment of 
wheat, with a fall 2013 cover treatment of no-till only; W-NT/CR = fall 2014 cover 
treatment of wheat, with a fall 2013 cover treatment of no-till and cereal rye.  For the 
DeSutter Neighbor, CONV = conventional tillage only.  At Rulon, AR = annual ryegrass; 
CR = cereal rye; NC = no cover; O/R = oat/radish mix.  
*NEPAC was sampled on two dates, as sampling was rained out after the first two blocks 
on June 12.  Blocks 1 and 2, indicated by (1-2) were sampled on June 12, and blocks 3 
and 4 (3-4) were sampled on July 23.  The two dates were statistically analyzed 
separately.    
±Values without a letter with the same site and sampling date did not statistically differ at 
P≤ 0.05. 
†DeSutter Neighbor not run under statistical analysis, as there was only one treatment.  
Mean value reported, averaged over depths.   
‡Values reported with the same site and sampling date that contain the same lower case 
letter are not statistically different at the P≤ 0.05. 
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Table 4.22 Soil total porosity t-test comparison between DeSutter and DeSutter Neighbor 

















DN: CONV 0.44 
D: W-NT = DeSutter, with 2015 treatment of wheat, 2014 treatment of no till only; DN: 
CONV = DeSutter Neighbor, conventional tillage treatment only; D: W-NT/CR = 
DeSutter, with 2015 treatment of wheat, 2014 treatment of no till and cereal rye. 





4.11 Soil Water Retention 
 Soil water retention properties were measured by determining the soil water 
content at three different tensions: an estimate of field capacity for Indiana soils (-9.8 
kPa), an estimate of wilting point for Indiana soils (-1500 kPa), and saturation.  At field 
capacity, free drainage has slowed dramatically; larger soil pores have likely drained, 
while the smaller pores are occupied by water.  At wilting point, crops wilt due to the 
bulk of the soil moisture being strongly held by the small pores of the soil.  Saturation is 
a measure of soil water content once all pores, small and large, have been filled with 
water.  Soils possessing greater pore spaces via a higher total porosity tend to be able to 
hold more water at saturation.   
 Soil water retention at -9.8 kPa and saturation was measured using the bulk 
density cores collected at Brocksmith, DeSutter and the DeSutter Neighbor, NEPAC, 
Rulon, and SEPAC.  Water retention at -1500 kPa was measured on independently 
collected bulk soil samples from these sites.  As previously mentioned, DTC and Alford 
were not sampled.  At -9.8 kPa, no significant treatment or treatment * depth effects were 
indicated for any site (Table 4.23).  A depth effect was present at Brocksmith, where the 
0-10 cm depth resulted in higher soil water content at -9.8kPa than the 10-20 cm depth 
(0.352 cm3 cm-3 and 0.326 cm3 cm-3, respectively) (Table 4.24).  A similar depth effect 
was found at DeSutter, at which the 0-10 cm depth had a soil water content at -9.8kPa of 
0.342 cm3 cm-3, while the 10-20 cm depth had a soil water content of 0.316 cm3 cm-3 
(Table 4.24).  The upper 0-10 cm depth may possess greater soil structure than the 10-20 
cm depth in these instances, given that there are both cover crop and cash crop roots 
present at least some seasons to provide organic matter and build soil structure (Kladivko, 
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1994).  Differences between DeSutter and the DeSutter Neighbor soils were found at -9.8 
kPa at the 10-20 cm depth, with the DeSutter Neighbor resulting in higher soil water 
content than either no-tillage treatment at DeSutter (Table 4.25).  The conventionally 
tilled DeSutter Neighbor soil was expected to produce a lower soil water content than the 
no tillage treatments at DeSutter, given that tillage tends to negatively impact soil 
structure.  However, as previously mentioned, the DeSutter Neighbor site was not tilled 
prior to the soybean planting in 2015.  Some compaction may have been present in the 
no-tillage plots, though penetration resistance was not measured at either of these 
locations.  In terms of treatment effect, ordinarily treatments including a cover crop, 
which could enhance soil structure, would be expected to produce higher soil water 
contents at -9.8kPa.  Given the lack of difference in bulk density between the DeSutter 
treatments and the DeSutter neighbor, however, this result similarly would not be 
expected in 2015, in part due to lack of tillage.  As discussed for bulk density, however, 
changes in soil structure may take several more years to result in a noticeable change 
between cover and no cover treatments.  Villamil et al. (2006) found higher water content 
being held between saturation and field capacity by soils under cover crop treatments as 
compared to no cover controls, with cover crop mixture of vetch and rye producing the 
highest water retention as compared to vetch or rye alone or no cover.   
 At -1500 kPa of pressure, the same trends held, with Brocksmith and DeSutter 
resulting in the only significant depth effects and no treatment or treatment * depth 
effects found for any site (Table 4.26, Table 4.27).  At Brocksmith, the 0-10 cm depth 
possessed higher soil water content than the 10-20 cm depth at -1500 kPa (0.098 cm3 cm-
3 and 0.088 cm3 cm-3).  A similar result was found at DeSutter.  The same rationale 
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applies here, with the 0-10 cm being exposed to greater organic matter impacts and, 
secondarily, plant roots to build soil structure and aggregation.  A comparison of 
DeSutter and DeSutter Neighbor revealed that the conventionally tilled soil possessed 
significantly lower soil water content than the no-tillage treatments at 0-10 cm (Table 
4.28).  These results are supported by Lal (1976).  At -1500 kPa, Lal (1976) found higher 
soil water retention in no-tillage plots as compared to plowed plots, which the researcher 
attributed to increased organic matter and differing surface horizon texture.  No-tillage is 
associated with more residues that decompose more slowly than in a conventional tillage 
treatment, allowing the soil to benefit from organic matter additions that could be 
expected to reduce bulk density and increase porosity, leading to higher water content 
relative to tillage (Kladivko, 1994).  
At saturation, a treatment effect was present at the second sampling of NEPAC 
(Table 4.29).  At 0.446 cm3 cm-3, the O/R-Corn treatment produced significantly higher 
soil water content at saturation than the NC-Corn or O/R/CC/CR-Corn treatments (0.421 
cm3 cm-3 and 0.421 cm3 cm-3, respectively).  This is expected when comparing the O/R-
Corn to the NC-Corn, but not for the comparison of the O/R-Corn to the four-way 
mixture, given that the mixture has additional components such as the cereal rye which 
could further enhance soil structure and increase porosity.  A depth effect was present at 
all sites sampled (Table 4.30).  For every site, soil water content was higher at 0-10 cm 
than at 10-20 cm at saturation.  This effect should have directly followed trends in bulk 
density and total porosity, given that saturation is directly related to pore space.  Greater 
pore space and total porosity is expected at the 0-10 cm depth as compared to the 10-20 
cm depth, given the greater availability at 0-10 cm of soil structure-enhancing 
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components discussed above.  No significant differences were found when comparing the 
DeSutter and DeSutter Neighbor fields (Table 4.31). 
160 
 
Table 4.23 Soil water content at -9.8 kPa as affected by treatment, averaged over depth.  
LSMeans are presented.   
Date Location Treatment 
Soil Water Content at  
























2 Jun 2015 DeSutter 
W-NT 0.328 
W-NT/CR 0.331 









For NEPAC and SEPAC, NC-Corn = no cover crop preceding corn; O/R-Corn = 
oat/radish mix before corn; O/R/CC/CR-Corn = oat/radish/crimson clover/cereal rye mix 
preceding corn; for Brocksmith, NC = no cover; O/CC/R/RS = a four-way oat/crimson 
clover/radish/rapeseed mixture.  For DeSutter, W-NT = fall 2014 cover treatment of 
wheat, with a fall 2013 cover treatment of no-till only; W-NT/CR = fall 2014 cover 
treatment of wheat, with a fall 2013 cover treatment of no-till and cereal rye.  For the 
DeSutter Neighbor, CONV = conventional tillage only.  At Rulon, AR = annual ryegrass; 
CR = cereal rye; NC = no cover; O/R = oat/radish mix.  
*NEPAC was sampled on two dates, as sampling was rained out after the first two blocks 
on June 2.  Blocks 1 and 2, indicated by (1-2) were sampled on June 2, and blocks 3 and 
4 (3-4) were sampled on July 23.  The two dates were statistically analyzed separately.    
†DeSutter Neighbor not run under statistical analysis, as there was only one treatment.  
Mean value reported, averaged over depths.   





Table 4.24 Soil water content at -9.8 kPa as affected by depth, averaged over treatment.  
LSMeans are presented.   
Date Location Depth (cm) 
Soil Water Content at  



















2 Jun 2015 DeSutter 
0-10 0.342a 
10-20 0.316b 





3 Jun 2015  Rulon 
0-10 0.328 
10-20 0.329 
*NEPAC was sampled on two dates, as sampling was rained out after the first two blocks 
on June 12.  Blocks 1 and 2, indicated by (1-2) were sampled on June 12, and blocks 3 
and 4 (3-4) were sampled on July 23.  The two dates were statistically analyzed 
separately.   
±Values without a letter with the same site and sampling date did not statistically differ at 
P≤ 0.05.  
‡Values reported with the same site and sampling date that contain the same lower case 
letter are not statistically different at the P≤ 0.05. 
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Table 4.25 Soil water content t-test comparison at -9.8 kPa between DeSutter and 





Soil Water Content at 
-9.8kPa (cm3 cm-3) 










DN: CONV 0.340a 
D: W-NT = DeSutter, with 2015 treatment of wheat, 2014 treatment of no till only; DN: 
CONV = DeSutter Neighbor, conventional tillage treatment only; D: W-NT/CR = 
DeSutter, with 2015 treatment of wheat, 2014 treatment of no till and cereal rye. 
±Values without a letter with the same site and sampling date did not statistically differ at 
P≤ 0.05.  
‡Values reported with the same site and sampling date that contain the same lower case 
letter are not statistically different at the P≤ 0.05. 
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Table 4.26 Soil water content at -1500 kPa as affected by treatment, averaged over depth.  
LSMeans are presented.   
Date Location Treatment 
Soil Water Content at 
























2 Jun 2015 DeSutter 
W-NT 0.116 
W-NT/CR 0.104 









For NEPAC and SEPAC, NC-Corn = no cover crop preceding corn; O/R-Corn = 
oat/radish mix before corn; O/R/CC/CR-Corn = oat/radish/crimson clover/cereal rye mix 
preceding corn; for Brocksmith, NC = no cover; O/CC/R/RS = a four-way oat/crimson 
clover/radish/rapeseed mixture.  For DeSutter, W-NT = fall 2014 cover treatment of 
wheat, with a fall 2013 cover treatment of no-till only; W-NT/CR = fall 2014 cover 
treatment of wheat, with a fall 2013 cover treatment of no-till and cereal rye.  For the 
DeSutter Neighbor, CONV = conventional tillage only.  At Rulon, AR = annual ryegrass; 
CR = cereal rye; NC = no cover; O/R = oat/radish mix.  
*NEPAC was sampled on two dates, as sampling was rained out after the first two blocks 
on June 2.  Blocks 1 and 2, indicated by (1-2) were sampled on June 2, and blocks 3 and 
4 (3-4) were sampled on July 23.  The two dates were statistically analyzed separately.    
†DeSutter Neighbor not run under statistical analysis, as there was only one treatment.  
Mean value reported, averaged over depths.   
±Values without a letter with the same site and sampling date did not statistically differ at 




Table 4.27 Soil water content at -1500 kPa as affected by depth, averaged over treatment.  
LSMeans are presented.   
Date Location Depth (cm) 
Soil Water Content 





































*NEPAC was sampled on two dates, as sampling was rained out after the first two blocks 
on June 12.  Blocks 1 and 2, indicated by (1-2) were sampled on June 12, and blocks 3 
and 4 (3-4) were sampled on July 23.  The two dates were statistically analyzed 
separately.    
±Values without a letter with the same site and sampling date did not statistically differ at 
P≤ 0.05.  
‡Values reported with the same site and sampling date that contain the same lower case 
letter are not statistically different at the P≤ 0.05. 
165 
 
Table 4.28 Soil water content t-test comparison at -1500 kPa between DeSutter and 





Soil Water Content at 












DN: CONV 0.099 
D: W-NT = DeSutter, with 2015 treatment of wheat, 2014 treatment of no till only; DN: 
CONV = DeSutter Neighbor, conventional tillage treatment only; D: W-NT/CR = 
DeSutter, with 2015 treatment of wheat, 2014 treatment of no till and cereal rye. 
‡Values reported with the same site and sampling date that contain the same lower case 
letter are not statistically different at the P≤ 0.05. 
±Values without a letter with the same site and sampling date did not statistically differ at 




Table 4.29 Soil water content at saturation as affected by treatment, averaged over depth.  
LSMeans are presented.   
Date Location Treatment 
Soil Water Content at 









































For NEPAC and SEPAC, NC-Corn = no cover crop preceding corn; O/R-Corn = 
oat/radish mix before corn; O/R/CC/CR-Corn = oat/radish/crimson clover/cereal rye mix 
preceding corn; for Brocksmith, NC = no cover; O/CC/R/RS = a four-way oat/crimson 
clover/radish/rapeseed mixture.  For DeSutter, W-NT = fall 2014 cover treatment of 
wheat, with a fall 2013 cover treatment of no-till only; W-NT/CR = fall 2014 cover 
treatment of wheat, with a fall 2013 cover treatment of no-till and cereal rye.  For the 
DeSutter Neighbor, CONV = conventional tillage only.  At Rulon, AR = annual ryegrass; 
CR = cereal rye; NC = no cover; O/R = oat/radish mix.  
*NEPAC was sampled on two dates, as sampling was rained out after the first two blocks 
on June 2.  Blocks 1 and 2, indicated by (1-2) were sampled on June 2, and blocks 3 and 
4 (3-4) were sampled on July 23.  The two dates were statistically analyzed separately.    
†DeSutter Neighbor not run under statistical analysis, as there was only one treatment.  
Mean value reported, averaged over depths.   
±Values without a letter with the same site and sampling date did not statistically differ at 
P≤ 0.05.  
‡Values reported with the same site and sampling date that contain the same lower case 
letter are not statistically different at the P≤ 0.05. 
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Table 4.30 Soil water content at saturation as affected by depth, averaged over treatment.  
LSMeans are presented.   
Date Location Depth (cm) 
Soil Water Content 






































*NEPAC was sampled on two dates, as sampling was rained out after the first two blocks 
on June 12.  Blocks 1 and 2, indicated by (1-2) were sampled on June 12, and blocks 3 
and 4 (3-4) were sampled on July 23.  The two dates were statistically analyzed 
separately.    
‡Values reported with the same site and sampling date that contain the same lower case 
letter are not statistically different at the P≤ 0.05. 
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Table 4.31 Soil water content t-test comparison at saturation between DeSutter and 





Soil Water Content at 












DN: CONV 0.433 
D: W-NT = DeSutter, with 2015 treatment of wheat, 2014 treatment of no till only; DN: 
CONV = DeSutter Neighbor, conventional tillage treatment only; D: W-NT/CR = 
DeSutter, with 2015 treatment of wheat, 2014 treatment of no till and cereal rye. 
±Values without a letter with the same site and sampling date did not statistically differ at 
P≤ 0.05.  
169 
 
4.12 Soil Available Water 
 Soil available water was found by taking the soil volumetric water content at -
9.8kPa and subtracting the soil volumetric water content at -1500kPa.  This calculation 
results in a value that considers the plant-available water by taking wilting point from 
field capacity.  No treatment or treatment * depth interaction effects were observed for 
any site measured in 2015 (Table 4.32).  Alford (2015) found no impact of treatment on 
available water in 2013 or 2014.  A depth effect was observed at Brocksmith, with the 0-
10 cm depth resulting in higher available water than the 10-20 cm depth (0.220 cm3 cm3 
and 0.195 cm3 cm3, respectively) (Table 4.33).  A depth effect was also observed at 
DeSutter, with the 0-10 cm depth resulting in higher available water than the 10-20 cm 
depth (0.186 cm3 cm3 and 0.165 cm3 cm3, respectively) (Table 4.34).  A similar depth 
effect was observed at the DeSutter Neighbor location, with the top 0-10 cm resulting in 
higher soil available water than the bottom depth (Table 4.33).   When the DeSutter and 
DeSutter Neighbor sites were compared, at the top 0-10 cm depth, both no-tillage 
treatments at the DeSutter site resulted in lower soil available water than the conventional 
treatment at the DeSutter Neighbor (Table 4.34).  At the 10-20 cm depth, the wheat 
following no-till only resulted in lower available water than the DeSutter Neighbor 
treatment (Table 4.34).  These results were unexpected, as tillage tends to reduce soil 
structure and thus water retention capabilities of a soil.  For all cover crop to no cover 
treatment comparisons, available water could be expected to be higher for soils under 
cover crop treatments as opposed to no cover treatments, though changes in soil available 
water result from the gradual structural changes impacting the ability of the soil to retain 
water and could take several additional years to accumulate to a noticeable impact.  
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Villamil et al. (2006) reported significantly higher plant available water capacity under 
cover crop treatments than no cover treatments.   
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Table 4.32 Soil available water as affected by treatment, averaged over depth.  LSMeans 
are presented.   
Date Location Treatment 
Soil Available 






















2 Jun 2015 DeSutter 
W-NT 0.166 
W-NT/CR 0.185 









For NEPAC and SEPAC, NC-Corn = no cover crop preceding corn; O/R-Corn = 
oat/radish mix before corn; O/R/CC/CR-Corn = oat/radish/crimson clover/cereal rye mix 
preceding corn; for Brocksmith, NC = no cover; O/CC/R/RS = a four-way oat/crimson 
clover/radish/rapeseed mixture.  For DeSutter, W-NT = fall 2014 cover treatment of 
wheat, with a fall 2013 cover treatment of no-till only; W-NT/CR = fall 2014 cover 
treatment of wheat, with a fall 2013 cover treatment of no-till and cereal rye.  For the 
DeSutter Neighbor, CONV = conventional tillage only.  At Rulon, AR = annual ryegrass; 
CR = cereal rye; NC = no cover; O/R = oat/radish mix.  
*NEPAC was sampled on two dates, as sampling was rained out after the first two blocks 
on June 2.  Blocks 1 and 2, indicated by (1-2) were sampled on June 2, and blocks 3 and 
4 (3-4) were sampled on July 23.  The two dates were statistically analyzed separately.    
±Values without a letter with the same site and sampling date did not statistically differ at 
P≤ 0.05.  
†DeSutter Neighbor not run under statistical analysis, as there was only one treatment.  
Mean value reported, averaged over depths.   
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Table 4.33 Soil available water as affected by depth, averaged over treatment.  LSMeans 
are presented.   
Date Location Depth (cm) 
Soil Available 





































*NEPAC was sampled on two dates, as sampling was rained out after the first two blocks 
on June 12.  Blocks 1 and 2, indicated by (1-2) were sampled on June 12, and blocks 3 
and 4 (3-4) were sampled on July 23.  The two dates were statistically analyzed 
separately.    
±Values without a letter with the same site and sampling date did not statistically differ at 
P≤ 0.05.  
‡Values reported with the same site and sampling date that contain the same lower case 




Table 4.34 Soil available water t-test comparison between DeSutter and DeSutter 






Water (cm3 cm-3) 










DN: CONV 0.193a 
D: W-NT = DeSutter, with 2015 treatment of wheat, 2014 treatment of no till only; DN: 
CONV = DeSutter Neighbor, conventional tillage treatment only; D: W-NT/CR = 
DeSutter, with 2015 treatment of wheat, 2014 treatment of no till and cereal rye. 
‡Values reported with the same site and sampling date that contain the same lower case 
letter are not statistically different at the P≤ 0.05. 
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4.13 Cash Crop Populations 
 Cash crop population counts were performed on the corn and soybean in plots at 
DTC, NEPAC, SEPAC, Brocksmith Farm, and Rulon Farm.  No population counts were 
taken at the DeSutter site or the Alford site.  For all five participating locations, no 
significance difference was evident in cash crop population counts across the treatments 
(Table 4.35).  Thus, cover crop treatments did not negatively impact cash crop planting or 
establishment.  In some cases, the presence of cover crops has been shown to reduce cash 
crop stands.  This occurs most typically if the soil warms too slowly due to shading from 
an abundant cover crop stand, or less commonly, if the cover crop organic N release is 
too slow to benefit the succeeding crop (Snapp et al., 2005).  Duiker and Curran (2005) 
reported lower corn plant populations following rye treatments, however the researchers 
attributed this to late termination of the rye.  Cover crop residues can also affect seedling 
establishment and planting success.   
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Table 4.35 Cash crop populations as affected by cover crop treatment.  No significant 
treatment effects were found at the P ≤ 0.05 level.   
Date Location Treatment 

























































At the PACs, NC-Corn = no cover crop preceding corn; O/R-Corn = oat/radish mix 
before corn; O/R/CC/CR-Corn = oat/radish/crimson clover/cereal rye mix preceding 
corn; CR-Soybean = cereal rye preceding soybean; NC-Soybean = no cover crop 
preceding soybean; O/R/CR-Soybean = oat/radish/cereal rye mix preceding soybean.  At 
Brocksmith, NC = no cover crop; O/CC/R/RS = a four-way mix of oat, crimson clover, 
radish, and rapeseed.  At Rulon, AR = annual ryegrass, CR = cereal rye, NC = no cover 
crop, and O/R = an oat and radish mix.  Treatment means are reported.   
±Values without a letter with the same site and sampling date did not statistically differ at 




4.14 Corn Tissue Chlorophyll Meter Readings (SPAD) 
 SPAD readings were taken on the corn plants at DTC, NEPAC, SEPAC, 
Brocksmith, and Rulon.  Given that Alford Farm was planted to soybean in 2015 and 
DeSutter was planted to wheat, no SPAD readings were taken at these locations.  No 
significant differences in chlorophyll content among cover crop treatments were observed 
at the time of silking at any of the sites (Table 4.36).  This result is rather unexpected, 
because the presence of a cover crop was expected to increase the chlorophyll content, 
corresponding to higher N content, of the succeeding corn crop.  This would have 
produced higher SPAD readings in cover crop treatments as compared to the no cover 
control treatment.  Treatments involving greater overall biomass contributions, such as 
cereal rye that grows in both fall and spring, might have been expected to produce higher 
SPAD readings in the following corn, as the rye could scavenge N and release it 
following its termination.  However, the cereal rye could also have lowered SPAD 
readings in corn through immobilization of N.  The O/R/CC/CR treatment at DTC, 
NEPAC, and SEPAC, which included the legume crimson clover, could have produced 
both the biomass contributions of the cereal rye and additional N contribution from what 
was fixed by the crimson clover cover crop.  However, it is likely the N from these cover 
crop treatments may not yet have been released (or not in a manner for the corn to 
effectively utilize it at this point in the season).  The substantial weeds present in many of 
the corn plots may have also scavenged some N, reducing its availability for the corn 
crop.   
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Table 4.36 Corn tissue chlorophyll meter (SPAD) readings as affected by cover crop 
treatment.  No significant treatment effects were found at the P ≤ 0.05 level.   































At the PACs, NC-Corn = no cover crop preceding corn; O/R-Corn = oat/radish mix 
before corn; O/R/CC/CR-Corn = oat/radish/crimson clover/cereal rye mix preceding 
corn; CR-Soybean = cereal rye preceding soybean; NC-Soybean = no cover crop 
preceding soybean; O/R/CR-Soybean = oat/radish/cereal rye mix preceding soybean.  At 
Brocksmith, NC = no cover crop; O/CC/R/RS = a four-way mix of oat, crimson clover, 
radish, and rapeseed.  At Rulon, AR = annual ryegrass, CR = cereal rye, NC = no cover 
crop, and O/R = an oat and radish mix.  Treatment means are reported. 
*At DTC, corn in three out of four blocks (Blocks 1 – 3) was measured.   
±Values without a letter with the same site and sampling date did not statistically differ at 
P≤ 0.05.  
178 
 
4.15 Corn Stalk Nitrate-N Concentrations 
 Basal stalk nitrate-N was measured on corn plants at black layer at DTC, NEPAC, 
SEPAC, Brocksmith, and Rulon.  For all sites, means were log-transformed for statistical 
analysis.  No significant treatment effects on stalk nitrate-N concentration were observed 
at any of these locations (Table 4.37).  Corn growing in the cover crop plots was expected 
to contain higher stalk nitrate-N concentrations.  According to field calibration research 
performed by Brouder (2003) across Indiana, optimal stalk nitrate-N exists in the range of 
450 to 2,000 ppm.  Anything below this range is considered low, and could indicate N 
deficiency that may affect yields (Brouder, 2003).  Anything above 2,000 ppm is 
considered excessive, where it is highly possible the soil N supply exceeded what was 
required to achieve maximum corn yields (Brouder, 2003).  These values have since been 
updated for Indiana by Camberato and Nielsen (2014), who determined the following 
ranges by comparing stalk nitrate-N, relative yield, and the difference in N application as 
related to the N rate determined to be necessary for maximum corn yields.  According to 
Camberato and Nielsen (2014), corn stalk nitrate-N is low if below 251ppm, optimal if 
between 251 and 2,000 ppm, and excessive beyond 2,000 ppm, though only if occurring 
multiple years.  Following the recommendations of Camberato and Nielsen (2014), all 
treatments at Brocksmith and Rulon were within optimal range.  All treatments at DTC 
and NEPAC were considered far below optimal.  Given the excessive spring rainfall and 
lack of abundant cover crop growth occurring in 2015 at NEPAC, it is possible some soil 
N was leached in the spring following spring soil nitrate-N sampling in such a way that 
the corn crop was affected.  Corn plants at NEPAC were stunted in growth in lower areas 
of the field, although no serious N deficiency was evident from corn leaves. 
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Table 4.37 Corn stalk nitrate-N concentrations as affected by cover crop treatment.  No 
significant treatment effects were found at the P ≤ 0.05 level.  Statistical analysis was 
performed on log means.  Back-transformed means are reported.   































At the PACs, NC-Corn = no cover crop preceding corn; O/R-Corn = oat/radish mix 
before corn; O/R/CC/CR-Corn = oat/radish/crimson clover/cereal rye mix preceding 
corn.  At Brocksmith, NC = no cover crop; O/CC/R/RS = a four-way mix of oat, crimson 
clover, radish, and rapeseed.  At Rulon, AR = annual ryegrass, CR = cereal rye, NC = no 
cover crop, and O/R = an oat and radish mix.   




4.16 Cash Crop Yields 
None of the sites revealed any cover crop treatment effect on 2015 corn or soybean 
yields (Table 4.38).  Rulon and Desutter did not report yields.  Previous studies have 
returned conflicting results on the effect of cover crops on cash crop yield, with some 
citing an increase in yield with cover crops and others noting a decrease in yield of cash 
crops following cover crops (Wagger, 1989; Raimbault et al., 1990; Tollenaar et al., 
1993; Kessavalou and Walters, 1997; Vaughan and Evanylo, 1998; Vyn et al., 1999; 
Ruffo et al., 2004; Duiker and Curran, 2005).  Agreeing with the results found in this 
study, Duiker and Curran (2005) found that rye did not decrease corn yield when corn 
was planted around one week following rye termination.  Raimbault et al. (1990) 
similarly found no reduction in corn yield following rye.  In soybean, Ruffo et al. (2004) 
also found no effect of a rye cover crop following corn on succeeding soybean yield.  The 
aspect of cover crop impact on yield may take more than three years to be revealed.   
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Table 4.38 Cash crop yields as affected by cover crop treatment.  No significant treatment 
effects were found at the P ≤ 0.05 level.   
Date Location Treatment 
Cash Crop Cash Crop Yield   




























































At the PACs, NC-Corn = no cover crop preceding corn; O/R-Corn = oat/radish mix 
before corn; O/R/CC/CR-Corn = oat/radish/crimson clover/cereal rye mix preceding 
corn; CR-Soybean = cereal rye preceding soybean; NC-Soybean = no cover crop 
preceding soybean; O/R/CR-Soybean = oat/radish/cereal rye mix preceding soybean.  At 
Brocksmith, NC = no cover crop; O/CC/R/RS = a four-way mix of oat, crimson clover, 
radish, and rapeseed.  At Alford, NC-W/CC: 2014: no cover, 2013: wheat/crimson 
clover; NC-CR/CC = 2014: no cover, 2013: cereal rye/crimson clover. Treatment means 
are reported.   







CHAPTER 5. CONCLUSIONS AND IMPLICATIONS FOR FUTURE RESEARCH 
Across all sites, the 2014 fall cover crops were planted at a later than optimal time 
given a late 2014 cash crop harvest.  This planting date reduced the window of 
opportunity for fall cover crop growth prior to the arrival of a killing frost or dormancy in 
winter 2014.  In particular, cover treatments following the 2014 corn crop at NEPAC 
were not seeded until November 4, 2014, and DTC was not seeded until November 11.  
All other sites were planted to cover crops in October 2014, with the exception of 
Brocksmith, which was seeded on September 21.  Optimal cover crop seeding would 
involve planting by mid-September at the latest.  In general, interpretations that would 
have been appropriate for treatments with appreciable and uniform cover crop growth 
over fall and spring were adapted to reflect both reduced cover crop growth and added 
weed presence across locations.  Interpretations also took into consideration the 
considerable spring precipitation that occurred across the more northerly sites in Indiana 
in late spring-early summer, with NEPAC, and to lesser extent DTC, being particularly 
affected.  In relation to the original hypotheses, cereal rye cover crops did produce higher 
biomass than the no cover treatment and cover crops that winter-killed, however this did 
not always strongly correlate to a reduction in spring soil N.  Lack of biomass and 
fertilizer management likely impacted soil N results at all locations.  As a contrast to the 




accumulations from around 2,000 to 5,000 kg ha-1 for early August-seeded radish, 
rapeseed, and rye following sweet corn.  Reduced cover crop biomass following late 
planting, as well as lower N uptake relative to early planting, are also supported by the 
results of Dabney et al. (2001) and Odhiambo and Bomke (2001).   
The addition of cover crops to no-tillage systems may improve chemical, 
physical, and biological aspects of soil health.  However, as illustrated by many of the 
results in this thesis, three years of establishment did not affect many of these properties, 
in particular properties involving the slower-to-develop structural changes of a soil.  
Furthermore, previous cropping history at the sites selected for this study may impact 
results relative to what may have been found in previous studies as well as what may 
reasonably be expected by future studies.  It is important to contextualize the significant 
differences obtained between DeSutter and the DeSutter Neighbor site.  While cover 
crops did not consistently affect soil temperature and moisture dynamics across the 
season, as originally hypothesized, in comparing the no-tillage treatments and 
conventional tillage treatment to one another, the no-tillage treatments resulted in lower 
soil temperatures in May and June and higher soil moisture in May and lower soil 
moisture in June.  These results, however, are a combination of both the no-tillage versus 
tillage component as well as an effect of the wheat crop planted in 2015 across the no-
tillage site (Blevins et al. 1971; Lal, 1976; Karlen, 1990; Williams and Weil, 2004).  As 
hypothesized, the no-tillage DeSutter treatment did exhibit greater soil structure as 
compared to the DeSutter Neighbor that was conventionally tilled.  For soil physical 
properties measured at the start of June, the DeSutter no-tillage treatments resulted in 




saturation, similar water retention at -9.8 kPa at 0-10 cm and lower water retention at -9.8 
kPa at 10-20 cm, higher water retention at -1500 kPa from 0-10 cm with no difference at 
10-20 cm, and lower available water at 0-10 cm and 10-20 cm (W-NT treatment, with the 
W-NT/CR being similar to the CONV) than the conventionally-tilled treatment.  
Although initial discussion on these parameters has been made, it is important to fully 
consider the management of these sites and its impact on results.   
For example, the DeSutter site has been managed under no-tillage for around 30 
years.  Similarly, although all other sites did not include a tillage comparison, their 
cropping histories must also be included in the discussion of results.  Alford has been 
maintained under no-tillage for over 50 years, Brocksmith for over 20 years, and Rulon 
for almost 20 years excluding light tillage following tile installation in the early 2000s.  
Cover crop impacts in these well-established no-tillage systems may not carry over to 
newly-established no-tillage sites and will not always serve the same purpose.  The 
function of biological tillage and rooting channels, which is a critical benefit of cover 
crops to these long-term no-tillage sites, may not be as impactful in newly no-tillage 
locations.  Cover crop impacts on aggregation and other structural components, both 
physically, by the cover crop roots, or through cover crop organic matter additions over 
time, may take a considerable amount of time to affect no-tillage soils, occurring in a 
timelier manner in poorly structured soil as impacted by years of conventional tillage.   
Cash crops did not respond to cover crops in a significant manner at any of the 
study sites.  Population counts were performed at all locations except Alford and 
DeSutter.  Among sites reporting, there were no significant cover crop treatment effects 




establishment or emergence, supporting the hypothesis that cash crop productivity would 
not be reduced, in the short term, by cover crops.  Any impact of cover crop on reducing 
soil moisture or lowering soil temperature that may have occurred did not produce a 
negative response by the cash crops at any site.  Similar results were shown by previous 
research (Moschler et al., 1967; Campbell et al., 1984; Raimbault et al., 1990; Ruffo et 
al., 2004; Duiker and Curran, 2005).  Cover crops at SEPAC may have contributed to 
breaking up soil compaction in the top 25 cm of the profile, as shown by penetration 
resistance.  Williams and Weil (2004) found that soybean plants advantageously sent 
roots into prior root channels by cover crops, contributing to an increased yield relative to 
no cover plots in compacted fields.  The other cash crop measurements, SPAD readings 
and stalk nitrate-N concentrations, served to indicate the impact of cover crops on N 
cycling and corn N uptake.  Only corn plots were measured, as opposed to both corn and 
soybean, because as legumes soybeans have the ability to fix N where corn plants do not.  
Therefore, cover crop impacts on soil N could be received and indicated by corn more 
readily than the soybean crop.   
 No significant differences existed between cover crop treatments on SPAD 
readings at any site.  Lack of differences could have occurred due to lack of cover crop N 
contribution or masking of cover crop effect by N fertilizer management.  To explain 
why this may have occurred, at SEPAC, for example, on April 17, the first cover crop 
biomass sampling performed prior to corn planting, the O/R/CC/CR-Corn treatment 
produced significantly higher biomass N content, with CR-Soybean and O/R/CR-
Soybean producing the next highest group with respect to biomass N.  All of these 




scavenging soil N in both fall and spring at SEPAC.  At PSNT sampling, three weeks 
after the termination of the cover crops before corn, on May 21, the highest soil nitrate-N 
concentrations resulted from the NC-Corn and O/R-Corn, with the O/R-Corn sharing 
statistical similarity to O/R/CC/CR-Corn.  These results seem to suggest that at this point 
at least some of the cereal rye, particularly in treatments preceding soybean, may not 
have been releasing N following termination to a noticeable extent by May 21.  As 
indicated by previous results, starter N likely contributed to residual soil N in corn plots 
at the time of PSNT sampling (Ruffo et al., 2004; Villamil et al., 2006).   
The DTC site did not receive starter with cash crop planting in 2015 and, as a 
result, the corn at this location may have encountered some N deficiency following cover 
crops.  With the lack of cover crops and exceptional weed growth occurring across 
treatments, however, the 2015 cash crop was likely affected as much by weeds as by 
cover crops.  Stalk nitrate-N was considerably lower at this site as compared to other 
sites, with the exception of NEPAC.  The NEPAC cash crops faced significant challenges 
in the 2015 growing season, particularly the corn crop planted on May 8, and emerging 
ahead of considerable precipitation in June.  The corn crop, and to lesser extent the 
soybean crop, showed visible signs of N deficiency. Corn plants were varied in growth 
stage across the field, with plants in low spots considerably smaller and stunted as 
compared to those at respectively higher elevations.  Yellowing was evident across the 
field, though no v-shaped markings characteristic of N deficiency were apparent on the 
leaves.  Signs of N deficiency were evident across the cash crop parameters measured at 
NEPAC.  Stalk nitrate-N concentrations were considerably lower than all sites but DTC.  




overshadowed and negated by the precipitation received immediately following their 
termination and early decomposition.   
Brocksmith and Rulon, the two other sites planted to corn, displayed SPAD 
readings similar to other sites but all treatments within both sites were within the optimal 
range for stalk nitrate-N concentrations.  However, since PSNT soil nitrate-N was not 
measured at Brocksmith and there were no differences between the two treatments at 
Rulon that were able to be statistically analyzed, soil N dynamics as affected by cover 
crop N release at this time cannot be fully extrapolated to later season results.  Between 
the two treatments sampled at Rulon (the AR and CR), the two produced similar biomass, 
and the treatments with no spring cover (O/R and NC) did not produce enough biomass 
to be sampled.  In terms of spring biomass production and N content of the cover crop 
biomass available to begin with, Brocksmith ultimately resulted in statistically similar 
biomass N content in its no cover weed biomass and its O/CC/R/RS treatment cover crop 
plus weed biomass.  Similar stalk nitrate results between the Brocksmith treatments and 
among the Rulon treatments could thus have been due to a number of factors, whether the 
fertilizer N inputs in both these systems overshadowed cover crop effects or whether the 
cover crops themselves did not release N in a timely enough manner for it to be taken up 
and result in significantly higher stalk N is to be determined.  The addition of an 
overwintering legume such as hairy vetch to a mix with cereal rye may increase corn 
grain N and yield relative to cereal rye alone, as shown by results of Vaughan and 
Evanylo (1998).   
There are several important factors to keep in mind when determining what future 




greater emphasis on soil microbiology should be included in future studies.  As described 
in the literature review of this thesis, soil biological factors are both important to the 
functioning of, and highly impacted by the management of, cropping systems.  For the 
larger CCSSHP Project, samples have been collected and used in four biological soil 
health tests in 2013 and 2015.  Future research focusing more directly on the results of 
these tests, particularly the microbial community dynamics under various cover crop 
mixes and according to cover crop performance leading up to sampling, would benefit the 
understanding of the biological component of soil health.  In addition, and as alluded to 
above, future research involving much longer-term studies of cover crop impacts is 
needed to reasonably allow for significant changes in some of the soil physical properties 
such as bulk density, which is heavily influenced by soil organic matter.  Similarly, one 
might expect water retention and penetration resistance to exhibit changes slowly over 
the years following the introduction of cover crop treatments.  Finally, as referred to 
throughout the thesis including the appended literature review on the N credits of legume 
cover crops (Appendix A), future research considering cover crop N release and its 
timing would be very beneficial, particularly given that some results in this thesis could 
not be clearly attributed to or tied into a discussion on cover crop N release at the 
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Literature Review: Quantifying the N credit of winter legume cover crops 
Introduction 
Cover crops are recognized for their ability to reduce soil erosion, control pests 
and weeds, scavenge N during their growing season, and contribute N to succeeding cash 
crops (Clark, 2007).  Legume cover crops are particularly favored, as their ability to fix N 
allows them to contribute the most plant available nitrogen (PAN) to the succeeding crop 
following termination (Sullivan and Andrews, 2012). The particular amount of N fixed is 
dependent upon the legume species and time allotted for growth between cash crop 
seasons (Kladivko, 2011).   Most legume cover crop residues decompose within 4-6 
weeks of termination (Sullivan and Andrews, 2012).  Fall-seeded legume cover crops are 
valued for their ability to provide N to subsequent crops, namely corn, as they are planted 
with enough time to fix N and later release that N following termination (Holderbaum et 
al., 1990).  As examples, crimson clover was shown to replace on average 72 kg ha-1 
fertilizer N in no-tillage sorghum in Georgia (Hargrove, 1986); in Kentucky, hairy vetch 
was found to supply between 90 and 100 kg N ha-1 in no-tillage corn systems (Ebelhar et 
al., 1984).  Furthermore, N fertilizer costs have increased over recent years, pressuring 
conventional corn producers to abandon a tradition of applying more N than necessary to 




provided by winter legume cover crops to succeeding cash crops is thus very important, 
as it allows for the reduction of costly N fertilizer (Morris et al., 1993).  
Determining the N credit for a legume cover crop in general can be difficult for 
many reasons, among them the fact that the N contribution of a legume cover crop can 
vary depending upon other aspects of cropping system and legume-environment 
interactions (Baldock and Musgrave, 1980).  For example, factors such as plant stage at 
termination, C:N ratio and N concentration, and outside factors such as soil temperature 
and soil moisture all determine the time and extent to which N is released by a cover crop 
(Kladivko, 2011). 
This literature review examines methods previously and currently utilized to 
determine N credits provided by winter legume cover crops to the succeeding cropping 
year.  The Preplant Nitrate Test (PPNT), cover crop biomass and nitrogen content 
analysis, Presidedress Nitrate Test (PSNT), and end-of-season Basal Stalk Nitrate Test 
(BSNT) will be presented chronologically as would be performed across the cash crop 
season, followed by second-year measurements and a review of the analytical methods 
used in the above tests.  The review concludes with an overview of the widely-utilized 
economic estimation of N credits.   
Preplant Nitrate Test (PPNT) 
The Preplant Soil Nitrate Test (PPNT) describes the process of taking soil NO3-N 
samples in the springtime before a field is planted.  The PPNT is most widely used in the 
semi-arid locations across the U.S. (Bundy and Andraski, 1995).  Less benefit is derived 
from the PPNT in more humid states with greater precipitation prior to spring, because 




Midwest, such as Wisconsin and Minnesota, have begun utilizing the PPNT in their N 
fertilizer recommendations, given that these states receive less precipitation than the more 
southerly humid states (Bundy and Andraski, 1995; Schmitt and Randall, 1994).  Soils in 
this region are also frozen for longer periods of time allowing for greater soil nitrate 
retention over the winter (Bundy and Andraski, 1995).  In Wisconsin, the PPNT has been 
found to be most useful for medium- to heavy-textured soils in years with normal to 
below-normal annual precipitation (Bundy, 1992).  Soil samples are taken at 1 ft depth 
increments down to 3 ft (Walters, 1995; Bundy and Andraski 1995).  
However, when performed as intended, the PPNT cannot accurately measure the 
N provided by a winter legume cover crop.  The PPNT does not reflect soil nitrogen 
contributions from winter legume cover crops, because the samples are taken so early in 
the season (Bundy and Andraski, 1995).  Given that the cover crop has yet to be 
terminated, or has recently been terminated, at spring PPNT sampling, the mineralized N 
provided by the terminated cover crop to the soil cannot be realized at this time.  
Therefore, the PPNT should not be used to measure winter legume cover crop N credits.   
Legume biomass yield and N concentration estimates of N release for succeeding crop 
Sullivan and Andrews (2012) discuss the utility of using cover crop N 
concentration to assess the plant available nitrogen (PAN) provided by cover crops.  
Previous researchers tended to use C:N ratio to represent PAN; however, since most 
cover crops are 40 percent carbon, the C:N ratio essentially expresses crop percent N 
(Sullivan and Andrews, 2012).  Percent N is also preferred, because it gives a linear 
relationship when compared with PAN, as opposed to the more curved response 




The PAN decreases with reproductive growth of legume cover crops, peaking at 
budding (Sullivan and Andrews, 2012).  Sullivan and Andrews (2012) estimate that 
around half of the N taken up by a legume cover crop is released as PAN the first year 
after the cover crop is incorporated.  To estimate the N provided by cover crops to the 
first year crop, one first determines the total yield of the legume cover crop and the 
percent N in the cover crop before termination (Clark, 2007).  To determine the percent N 
in the cover crop prior to its termination, the researcher must first selectively harvest a 
sample of cover crops from a determined area, weigh the wet sample, subsample, and 
send the subsamples to an analytical laboratory for dry matter and total N determination 
(Sullivan and Andrews, 2012).  To estimate cover crop biomass yield, cover crop cuttings 
from a determined area are obtained, dried, and weighed, and per-acre yield of dry matter 
is determined by taking DW A-1 sampled multiplied by ft A-1 (Clark, 2007).  Total N can 
then be calculated by utilizing these two sets of values, multiplying yield by percent 
nitrogen (Sarrantonio, 1991).   
Calculations can then be performed to adjust fertilizer plans according to PAN 
provided by cover crops.  The Oregon State Cover Crop Calculator, developed by 
Andrews et al. (2010), provides an electronic method for determining these calculations.  
The Oregon State Calculator incorporates a nitrogen mineralization model developed by 
Sullivan et al. (2010) to estimate first-year PAN from a cover crop.  The calculator also 
provides cost comparisons for PAN and other nutrients, allowing growers to determine 
the most economical fertilizer regimen for their system.  The calculator consists of a 
spreadsheet into which one enters information gained from sampling and laboratory 




following incorporation.  A separate economic analysis sheet allows one to determine 
management costs associated with cover crops. 
As an example, if an average 10 lbs of wet biomass is obtained from a 2 ft by 2 ft 
transect of a hairy vetch cover crop, and is dry matter from the laboratory results is 20% 
of the wet biomass, this cover crop would contribute 2.7 T DM A-1 (determined by 
multiplying the sample area, wet weight, and dry weight (divided by 100) and dividing 
the resulting number by 2,000 to get T DM A-1) .  With a laboratory-determined percent 
N of 2.5% and 20% dry matter, the calculated PAN release of this cover crop over 70 
days following incorporation would be 16 lb PAN T DM-1.  This calculation takes into 
account the percent N in the dry matter (2.5%) and converts this from a percentage to lb 
T DM-1, and this number is multiplied by the estimated PAN determined by the calculator 
through prior cover crop N mineralization trials (Sullivan et al. 2010).  It is important to 
note that calculations in this model are based on trials in which the cover crop was 
incorporated into the soil.  To estimate the amount of available nitrogen provided by a 
legume cover crop for the succeeding year’s crop according to tillage practice and 
climate, Sarrantonio (1991) suggests dividing the total N (percent N obtained from 
laboratory analysis divided by 100, then multiplied by the lb DM A-1) by 2 if the legume 
is tilled, by 4 if the legume is terminated in a no-till field in a Northern climate, and by 2 
if the legume is left in a no-till field in a Southern climate (Clark, 2007).  
Below-ground biomass is time consuming and laborious to obtain and is often 
omitted from percent N calculations (Sullivan and Andrews, 2012).  Sarrantonio 
estimated that between 15% and 30% of the total N is left in the plant roots under optimal 




contained about 10% of the N A-1 compared to the above-ground biomass.  However, 
Dabney et al. (2010) suggest that below-ground biomass and percent N estimates have 
been underestimated in previous research due to the use of point-in-time sampling.  This 
sampling method fails to illustrate root exudation, turnover, symbiosis, and decay of 
sloughed above-ground biomass (Dabney et al., 2010).  Furthermore, shallow sampling 
depths and incomplete root sampling similarly account for underestimations of biomass 
and N concentration (Dabney et al., 2010).  Khan et al. (2002) investigated the below-
ground N contributions of fababean, chickpea, mungbean, and pigeonpea in a series of 
glass house pot experiments including one experiment utilizing the recovery of nodulated 
roots.  Obtaining below-ground N values ranging from 4% to 15% of total plant N using 
this method, the authors similarly concluded that physical collection of root systems 
results in the underestimation of below-ground N in comparison to other methods, such 
as 15N enrichment (Khan et al., 2002). 
Presidedress Nitrate Test (PSNT) 
Developed by Magdoff (1991b), the Presidedress Nitrate Test (PSNT) arguably 
remains the test of choice in determining a soil’s ability to supply nitrogen to a crop and 
thus aids in the evaluation of cash crop fertilizer needs (Clark, 2007).  The PSNT is often 
used to determine whether adding supplemental N to soil planted with cover crops will be 
economically beneficial (Clark, 2007).  The PSNT can provide useful information about 
the amount of available N provided, in part, by cover crop residue to the cash crop before 
sidedress.  Importantly, given that the test is performed 60 to 90 days after the PPNT, the 
PSNT possesses greater ability to account for recent mineralized N provided by a legume 




With the PSNT, soil NO3-N is determined in the upper 30 cm when corn is 
between 20 and 30 cm tall.  Soil NO3-N is measured, because typically nitrogen in this 
form is available in the root zone across growing seasons (Magdoff, 1991b).  
Traditionally, ammonium-N receives little focus in PSNT measurements, because in 
conventional systems most soil N has been nitrified by the time PSNT occurs (Zebarth et 
al., 2001).  However, where cover crops are incorporated, greater portions of soil N could 
be in ammonium form at the time of PSNT sampling.  For this reason, it could be argued 
that soil NH4-N should be determined along with soil NO3-N during PSNT 
measurements.  Soil sampling based upon the growth stage of corn helps to illustrate how 
factors affecting available soil N also affect plant growth (Magdoff, 1991b).   
Klausner et al. (1993) conducted one of the first studies utilizing the PSNT.  The 
authors determined that the PSNT was useful in identifying sites that were either N-
responsive or non-responsive according to a defined critical level set at 21ppm NO3-N 
(Klausner et al., 1993).  The critical level of 21 ppm NO3-N was determined for the 
locations across New York in relation to an acceptable relative yield of 92% and using a 
graphical method developed by Cate and Nelson (1965).  The PSNT identified N-
responsive and non-N-responsive sites at a success rate of 84% (Klausner et al., 1993).  
Similar PSNT critical levels have been determined for the surrounding states, with 
Pennsylvania at 21 mg NO3-N kg-1, Maryland at 22 mg NO3-N kg -1, and Virginia at 18 
mg NO3-N kg-1 (Fox et al, 1992; Roth et al., 1992; Meisinger et al., 1992; Evanylo and 
Alley, 1997).  The PSNT critical values for Iowa fields ranged from 20-25 ppm NO3-N 
(Blackmer et al., 1989). In the broader north-central region including Illinois, Indiana, 




N (Bundy et al., 1999). The PSNT was found to be more accurate in estimating preferred 
N rates for locations with organic nitrogen inputs, in the form of manure applied in the 
study year as well as second-year corn following alfalfa with and without the addition of 
manure in the study year, than the PPNT (Bundy and Andraski, 1995).   
Kuo et al. (1996) utilized the PSNT to study the effects of leguminous and non-
leguminous cover crops on soil N availability, N mineralization potential, and corn yield.  
Both cover crop impacts on soil N and subsequent corn yield and corn N uptake were 
closely correlated to the soil NO3-N as found by the PSNT and that cover crops 
significantly affected these values (Figure A.1).  In addition, the authors found that soil 
NO3-N values highly correlated to cover crop tissue N concentrations and C:N ratios of 
the cover crops (Kuo et al., 1996).  However, the authors suggest that, should results be 
needed before the time of PSNT sampling, one should include the measurement of 
inorganic and potentially mineralizable N to predict subsequent corn yield and N uptake 
(Kuo et al., 1996).  The inclusion of inorganic N and potentially mineralizable N helps 
explain the variability in corn yield and N uptake at harvest (Kuo et al., 1996).  Inorganic 
N was found by laboratory analysis of leachate from soils that had undergone aerobic 
incubation, as described by Stanford and Smith (1972), with mineralized inorganic N 
leached and collected at various intervals over a period of 1 week to 14 weeks (Kuo et al., 
1996).  Nitrogen mineralization potential was found by fitting cumulative mineralized N 
data into a model equation (Kuo et al., 1996).   
Vaughan and Evanylo (1999) conducted a field study in Virginia to examine the 
utility of the PSNT in cover crop-corn cropping systems by tracking early-season soil N 




authors to suggest that PSNT sampling may be completed two weeks later than the 
recommended time, and that a sampling depth of 15 cm is appropriate in this case 
(Vaughan and Evanylo, 1999).  PSNT sampling to 15 cm may be sufficient for 
determining PAN as made available by cover crops, as critical values obtained for plots 4 
weeks after emergence were closer to published PSNT critical values when values from 
the 0-15 cm depth range were utilized as opposed to 0-30 cm (Vaughan and Evanylo, 
1999).  The researchers also found that delaying PSNT sampling up to two weeks, 6 
weeks after emergence as opposed to 4 weeks after emergence was acceptable; soil 
accumulation of NO3-N is not yet covered by plant uptake at this time, and critical values 
obtained will still be within the published range of accuracy for the PSNT (Vaughan and 
Evanylo, 1999).   
However, PSNT is not considered by some to be a necessary measure for first-
year corn following leguminous perennial cover crops such as alfalfa.  Researchers found 
the PSNT to be accurate in predicting corn grain yield response to N fertilizer only 55% 
of the time when examining fields from their own study involving corn following alfalfa 
and the literature on corn following alfalfa (Yost et al., 2013b).  As a result, the PSNT is 
not accurate enough to predict N requirements of first-year corn following alfalfa (Yost et 
al., 2013b).  Furthermore, accuracy of the PSNT has been shown to vary from 
conventional tillage to no-tillage systems (Yost et al., 2013a). Yost et al. (2013a) 
determined that PSNT critical levels may need to be reduced in no-tillage systems in 






Stalk Nitrate Test 
Binford et al. (1990) developed a tissue test determining the NO3-N 
concentrations of basal portions of corn stalks at maturity.  Stalk segments (15 to 35 cm 
above ground) were collected from plants within 1 to 2 weeks following black layer 
formation on 80% of kernels (Binford et al., 1992).  Samples were dried and ground to 
pass a 1.0-mm screen and NO3-N concentrations were determined (Binford et al., 1992).  
Initial results found by Binford et al. (1992) showed that this basal stalk nitrate test could 
provide useful information about N excesses and deficiencies apparent in the corn crop at 
the end of the growing season.  By this method, one may estimate the amount of N 
available to late-season corn, and critical levels could be set to allow for more accurate N 
fertilizer recommendations (Binford et al., 1992).   
Research conducted at Iowa State University between 1986 and 1990 utilized 45 
site-years of stalk nitrate-N and yield data to calibrate the BSNT by relating yield and 
stalk nitrate concentrations at various N rates (Blackmer and Mallarino, 1996). 
Furthermore, the study established four categories of stalk nitrate concentrations: low 
(below 250 ppm N), marginal (between 250 and 700 ppm N), optimal (between 700 and 
2000 ppm N), and excess (above 2000 ppm N) (Blackmer and Mallarino, 1996).  Slightly 
different ranges were obtained from similar research involving 35 site-years of N trials in 
Indiana, conducted from 2007-2009 and 2011-2013 (Camberato and Nielsen, 2014).  This 
research resulted in the establishment of three categories of stalk nitrate-N 
concentrations: low (less than 450 ppm NO3-N), optimal (between 450 and 2000 ppm 
NO3-N), and excessive (greater than 2000 ppm NO3-N) (Camberato and Nielsen, 2014).  




these values are not always correlated to low yields (Brouder, 2003; Blackmer and 
Mallarino, 1996).  In fact, numbers closer to 450 ppm might correlate with optimal 
agronomic efficiency, given that maximum yields can theoretically be reached while no 
residual N is left in the root zone (Brouder, 2003).  Optimal and excessive values 
correlate to maximized profits and greater N availability than that which is required to 
maximize profits, respectively (Brouder, 2003; Blackmer and Mallarino, 1996).   
Yost et al. (2012) state that the effect of the previous crop on the stalk nitrate test 
requires further study and suggest that critical levels for the test be adjusted for fields 
containing corn following alfalfa versus continuous corn.  The stalk nitrate test for corn 
following alfalfa indicates N mineralized throughout the corn season (Carpenter-Boggs et 
al., 2000).  Yost et al. (2013a) investigated the reliability of the stalk nitrate test and 
found that more research is necessary to determine whether the test is useful for 
determining N-availability to first-year corn following alfalfa.   
Second-Year Cash Crop Measurements 
More research is needed, but the PPNT, used conventionally, may be useful in 
determining perennial legume N credits and subsequently adjusting fertilizer N rates for 
second-year corn (Bundy, 1992).  Recently, researchers have begun to investigate the 
utility of the PSNT in determining nitrogen credits for second-year corn following a 
legume (Yost et al., 2014).  Yost et al. (2014) believe that continued research involving N 
response trials in second-year corn following alfalfa will allow for a better understanding 







This section provides an overview of the laboratory methods utilized to 
analytically quantify nitrate-N, ammonium-N, and total N concentrations once samples 
have been collected.  Soil NO3/NH4 extraction and determination methods vary 
depending upon the laboratory selected to run the analysis (Carter and Gregorich, 2007).  
The most common method for NO3/NH4 extraction is the use of 2.0M KCl (Carter and 
Gregorich, 2007).  Methods of determination for NO3/NH4 vary widely and include steam 
distillation, colorimetric methods, continuous flow analysis, and micro-diffusion (Carter 
and Gregorich, 2007).   
Total N determination for biomass samples has typically been accomplished using 
variations or modifications of the micro-Kjeldahl method.  Automated colorimetric 
analysis of NH4+ has been used to minimize the overall time required to perform Kjeldahl 
N determination (Carter and Gregorich, 2007).  The Berthelot or indophenol reaction for 
ammonia was used but has since been replaced in large part by the combustion or Dumas 
method (Bremner, 1996; Carter and Gregorich, 2007).   
Economic Approaches 
The following approaches move from strictly scientific determination to 
economic evaluation, utilizing response curves and models to determine N credits of 
cover crops and subsequent N fertilizer recommendations.  Lory et al. (1995) review two 
economic approaches used to determine nitrogen credits used to set fertilizer N 
recommendations for corn: traditional and difference.  Until recent years, the traditional 
yield-based N credit approach remained the most utilized of all the approaches, scientific 




The traditional method uses a fertilizer response curve to produce an N-credit referred to 
as the Fertilizer Replacement Value (FRV).  In the fertilizer response curve (y/x), the y 
value represents yield and the x value represents the fertilizer N rate (Lory et al., 1995).  
In solving for x, the FRV is obtained (Lory et al., 1995).  In more general terms, Stute 
and Posner (1995) define the FRV as the required amount of inorganic N fertilizer 
allowing a continuous crop to produce the same yield as a non-fertilized crop following a 
legume.  Hesterman et al. (1992), Bruulsema and Christie (1987), and LaRue and 
Patterson (1981), among others, estimate FRV for a crop following a legume (Stute and 
Posner, 1995).  Hesterman et al. (1992) studied the corn response to a red clover cover 
crop frost-seeded into winter wheat, to an alfalfa cover crop frost-seeded into winter 
wheat, to an interseeded oat cover crop.  Significant differences in corn grain yield, silage 
yield, and total plant N uptake between the corn without a cover crop and the frost-seeded 
red clover and between the corn without a cover crop and the frost-seeded alfalfa 
(Hesterman et al., 1992).  Based on these differences, Hesterman et al. (1992) calculated 
the FRV based upon grain yield, silage yield, and total N uptake by the corn.  Based on 
total corn N uptake, the FRV of the frost-seeded alfalfa was 46 lb N A-1 and the FRV of 
the red clover was 56 lb N A-1 (Hesterman et al., 1992).  Kuo et al. (1996) estimated 
fertilizer contribution of winter cover crops to corn through the comparison of corn yield 
response and subsequent N application rates (Kuo et al., 1996).  Among the legumes used 
in the study, hairy vetch contributed 87 kg N ha-1 and Austrian winter pea contributed 32 
kg N ha-1 (Kuo et al., 1996).  Researchers have suggested shortcomings of the traditional 




its comparison to N fertilizer, which leaches more readily, and lack of ability to separate 
N effects and rotation effects (Sarrantonio, 1991; LaRue and Patterson, 1981).   
The difference method simply uses the difference in economic N rate between a 
continously cropped nonlegume and a nonlegume rotated with a legume (cover crop) to 
determine an estimate of the cover crop N credit to the nonlegume (Lory et al., 1995).  
The difference method is preferred, because it has the ability to factor in economic 
criteria, estimating the economic N rate of the nonlegume via the fertilizer response curve 
of that nonlegume.  This method fits in with the Economic Optimum N Rate for corn, 
which will be discussed shortly.  Lory et al. (1995) selected two datasets (Randall, 1980; 
Oyer and Touchton, 1990) for use in comparing the traditional and difference methods 
for continuous corn versus either a corn/soybean rotation or corn following a winter 
cover crop.  Utilizing the traditional method upon data from Randall (1980), the N credit 
was 75 kg N ha-1, compared to the N credit of 32 kg N ha-1 obtained for the same data 
using the difference method (Lory et al., 1995).  Here a positive non-N rotation effect, 
associated with corn following wheat or corn following wheat and alfalfa, resulted in an 
overestimation of the N credit (Lory et al., 1995).  Using the traditional method on data 
from Oyer and Touchton (1990), Lory et al. (1995) obtained an estimated N credit of 45 
kg N ha-1, as compared to an N credit of 19 kg N ha-1 estimated using the difference 
method.  Oyer and Touchton (1990) utilized crimson clover as a winter crop in 
continuous corn and in a corn/soybean rotation.  In this case, the addition of soybean did 
not affect the N rotation effect where crimson clover was included, however, the non-N 
rotation effect was increased (Lory et al., 1995).  Both instances indicate the interference 




When determining corn N recommendations, traditionally, yield-based N rate 
recommendations in the Midwest would suggest applying around 1 lb N per bushel of 
expected yield in a corn/soybean rotation and around 1.2 lb N per bushel for corn/corn or 
corn/wheat rotations, using field yield histories to derive expected yield (Camberato et 
al., 2014). This approach assumes a linear relationship between yield and N rate, when in 
reality the yield levels off at some point with increasing N rate (Camberato et al., 2014).  
To produce more economic and environmentally conservative recommendations, in more 
recent years, Midwestern land-grant university have issued N rate recommendations 
following more informed N response curves and balancing N fertilizer costs with yield 
outcomes (Camberato et al., 2014).  This shift has generated the concepts of the 
agronomic and economic “optimum N rates” (Camberato et al., 2014).  The Agronomic 
Optimum N Rate (AONR) depicts the N rate necessary to achieve maximum yield, while 
the Economic Optimum N Rate (EONR) equals the most cost-effective N rate 
(Camberato et al., 2014). Both AONR and EONR vary greatly from field to field based 
on soil N, N loss, growing season, and cropping systems management (Camberato et al., 
2014).  For these reasons, use of the optimum N rate should be combined with in-season 
scientific methods listed above to determine soil and crop N status and to improve N 
management (Camberato et al., 2014). 
On-farm research investigating corn response to N fertilizer conducted across the 
state of Indiana from 2006-2014 revealed varying AONR/EONR values according to soil 
type and region (Camberato et al., 2014).  For example, in corn/soybean rotations, AONR 
ranged from 183 lb N A-1 to 233 lb N A-1 depending upon region for medium to fine-




et al. (2011) conducted paired trials at five Purdue University locations in Indiana from 
2007-2010, involving corn/soybean and corn/corn rotations.  The AONR for corn/corn 
rotations was on average 44 lbs N A-1 higher than for the corn/soybean rotations 
(Camberato et al., 2011). One may reasonably expect similar but less pronounced results 
from the addition of a legume nitrogen cover crop to a corn/corn rotation, and that AONR 
could be further reduced in a corn/soybean rotation by the addition of a winter legume 
cover crop.  In a study including a component of yield response to inclusion of a legume 
cover crop, Bauer et al. (1993) investigated the N contribution, yield influence, and fiber 
quality impacts of cover crops to cotton, including crimson clover and Austrian winter 
pea.  The authors found cotton yield positively responded to increasing N following 
clover, however costs associated with establishing pea or clover might not justify their 
use as an alternative to N fertilizer (Bauer et al., 1993).   
Conclusions 
As evidenced in this review, the quantification of a cover crop’s nitrogen credit to 
succeeding cash crops has been approached via several methods, each with its own 
strengths and weaknesses.  Researchers continue to advance their studies of these 
methods as well as attempt to find novel ways to utilize them.  With enhancing the ability 
to quantify the nitrogen contribution of a winter legume cover crop to succeeding crops 
will likely come greater acceptance and use of cover crops in the future.  Such actions 
stand to not only benefit producers via cost savings and profits, they have the potential to 
also promote soil health and enhanced water quality as the use of N fertilizers is reduced 




 Figure A 1 Figures from Kuo et al. (1996) showing close correlations between soil NO3-
N as determined through the PSNT and both the N amounts added in the cover crops as 
well as corn yield and corn N uptake at harvest.   
 
